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ABSTRACT
The objective of th is  d issertation  study is to evaluate and 
improve the modeling of individual processes associated with 
s in g le - and two-phase turbulent reaction processes. In p a rtic u la r, 
atten tion  is  focused on the pulverized coal combustion process, and 
a re lia b le  comprehensive computer code fo r pulverized coal combus­
tio n  systems is  developed to ass is t in  design developments.
Primary emphasis in th is  work has been on the modeling of 
non-equilibrium turbulent reactions, turbulent p a rtic le  dispersion, 
and p o llu tan t species formation. In  addition , contributions have 
been made towards improving the numerical algorithm for pressure- 
v e lo c ity  linked system in sw irling  flows.
Two turbulent reaction models are developed fo r resolving  
non-equilibrium e ffe c ts . The f i r s t  model is  a modified perturba­
tio n  model fo r the calcu lation  o f non-equilibrium effects in  inten­
sive turbu lent combustion. This method appears to be well suited  
fo r app lication  to s ing le - and two-phase flame s ta b ili ty  studies. 
The second model is  a moment closure method fo r the simulation of a 
moderately fa s t or slow reactions. This method is applied to the 
modeling o f fuel bound nitrogen oxide formation in pulverized coal 
combustion systems.
A systematic performance evaluation of existing turbulent 
p a rt ic le  dispersion models such as the empirical gradient models 
and the stochastic method has been made. An improvement is  made 
the stochastic method by incorporating the effects o f the p a rtic le
x i
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fluctuation  v e lo c itie s  at the in le t  stream. With th is  m odification  
s ig n ifican t improvement in p a rtic le  dispersion predictions are 
obtained compared to the predictions of the gradient models and the 
stochastic method without th is  m odification.
The comprehensive computer code developed in th is  study is  
validated by comparisons of the predictions with a series of exper­
imental data in an IFRF furnace. Some defic iencies are noted in 
the prediction o f minor species lik e  carbon monoxide and in the 
prediction of flame l i f t - o f f .  These topics are important future  
tasks to be undertaken.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 1
INTRODUCTION
1 .1  BACKGROUND
This d isserta tio n  deals w ith the modeling o f sing le- and 
two-phase reacting flows w ith p a rtic u la r  emphasis on phenomenologi­
cal model improvements. The physical s itu a tio n  of p a rtic u la r  
in te re s t in th is  d isserta tion  is th a t o f pulverized coal combustion 
in  a furnace geometry, and most of the te s t problems presented in 
la te r  chapters are centered around th is  s itu a tio n .
Pulverized coal combustion in an in d u s tria l furnace is  ty p i­
c a lly  characterized by a three-dim ensional, two-phase, turbu len t, 
reacting and ra d ia tiv e ly  p a rtic ip a tin g  flow f ie ld .  To obtain 
r e a l is t ic  p red ictions, each of the aforedescribed processes must be 
c o rrec tly  modeled and then combined together in to  a comprehensive 
computer code. Model improvements o f ind iv idual processes w il l  
re s u lt in more accurate predictions o f the overa ll pulverized coal 
combustion process. In th is  d is s e rta tio n , a tten tio n  is  focused on 
model improvements fo r three sp ec ific  processes th a t are encounter­
ed in single and two phase combustion. The f i r s t  is  the modeling 
of non-equilibrium e ffec ts  such as local flame quenching or extinc­
t io n  in  single phase, fa s t reacting flows. The second model im­
provement is centered around the modeling of the dispersion of the 
second phase (coal p a rtic les  in th is  study) by the turbulence in 
the gas flow. The im plications o f th is  improved modeling of turbu­
le n t p a r t ic le  dispersion on comprehensive pulverized coal combus-
1
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2t io n  predictions is c a re fu lly  examined by detailed comparisons with 
measurements. F in a lly , the modeling of minor species is examined, 
and again, a tten tion  is  focused in  pulverized coal combustion where 
NO^  is  the minor species of primary importance. A model developed 
fo r  N0x formation is  presented.
Comprehensive models of pulverized coal combustion have been 
presented by a number of investigators (Lockwood e t a l . ,  1980; 
Smith e t  a l . ,  1981; Boysan e t a l . ,  1986; Truelove, 1986; Boyd and 
Kent, 1986). In the discussion that fo llow s, an overview of the 
basic methodology in tr in s ic  to a l l  these predictive procedures and, 
to  a certa in  extent, to the procedure in th is  d isserta tion  is  
given.
In  th is  study, a two-dimensional, cy lin d erica l axisymmetric 
geometry is  considered, as shown in Fig. 1. Coal p a rtic les  enter 
the furnace through the central primary stream together w ith the 
c a rr ie r  gas, and o x id izer enters through the outer secondary stream 
or annulus. The numerical scheme is  based on an Eulerian calcu la­
tio n  fo r  the gaseous phase and a Lagrangian one fo r  the p a r t ic le  
phase. The coupling between p a r t ic le  and gas phase is  resolved 
through p a r t ic le  source terms of mass, momentum and energy in  the 
corresponding governing equations o f the gas phase (Crowe e t a l . ,  
1977).
The gaseous governing equation are non-linear, second-order 
p a rtia l d if fe re n t ia l  equations. The f in i t e  d ifference method is 
based on the control volume formulation. In order to  resolve the 
pressure-velocity  coupling in the momentum equation, a number of 
algorithms have been proposed such as SIMPLE (Patankar and Spald-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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4ing, 1972), SIMPLER (Patankar, 1980), SIMPLEC (Van Doormaal and 
Raithby, 1984), and PISO (Is s a , 1986). Since the computational 
e ffic ien cy  depends upon the proper resolution of the pressure-velo­
c ity  coupled system, the choice of a robust and numerically conver­
gent algorithm  is  c r i t ic a l  in  obtaining good solutions.
Turbulence modeling of gaseous f lu id  mechanics evades a firm  
theore tica l basis. When the s ta t is t ic a l  moment method is  used the 
closure problem arises, i . e . ,  there are more unknowns than a v a il­
able equations. Even though Batchelor (1953) has pointed out the 
poten tia l o f higher order co rre la tio n  approximation methods, i t  is 
highly im practical to include a large number of higher order corre­
la tio n  terms in the actual ca lcu la tio n . In add ition , the recent 
notion of large scale structure (Lau fer, 1975; Roshko, 1976) sug­
gests th a t the turbulent motion is  comprised of quasi-determ inis- 
t i c ,  unsteady, large scale eddy motions and small scale random 
flu c tu a tio n s . However, the overwhelming m ajority of phenomenologi­
cal turbulence models do not e x p lic i t ly  incorporate the concept of 
coherent large scale or organized eddy motion (Reynolds, 1976). 
The app lication  of large scale eddy motion together w ith the fine  
scale random fluc tuations has been reported, but not well estab­
lished (Knight and Murray, 1981). Thus the widely used two equa­
tio n  (k -e ) turbulence model (Launder and Spalding, 1972) is  common­
ly  adopted. In  th is  model, the Boussinessq gradient hypothesis is  
used fo r  the second-order c o rre la tio n  term and a Prandtl-Kolmogorov 
re la tionsh ip  is  used to  co rre la te  the eddy viscosity to  the turbu­
le n t k in e tic  energy (k ) and i ts  d iss ipation  rate (e ). However, the 
iso tro p ic  exchange c o e ffic ie n t assumption of the k-e turbulence
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5model has been seriously questioned ( L i l le y ,  1974) fo r sw irling  
f l  ow.
Although more complex Reynolds stress models have been devel­
oped (Launder e t a l .  1975; Rubesin, 1977) to overcome these d i f f i ­
c u lt ie s , none of these models have shown s ig n ific a n t improvements 
over the k-e model. Recently, rather systematic investigations  
have been performed of the o rig in a l and/or modified k-e model under 
sw irling  flow conditions (Srinivasan and Mongia, 1981; Ramos, 
1984). S ig n ifican t improvements in the predictions were achieved 
by specifying accurate in le t  conditions and by increasing the 
numerical accuracy of the algorithm .
The fuel fo r gaseous combustion in the pulverized c o a l-fire d  
process comes mainly from the d e v o la tiliz e d  c o a l-o ff  gas, and the 
reaction o f th is  c o a l-o ff  gas may be assumed to occur bas ica lly  in  
a non-premixed fashion. Irresp ective  of the degree of premixed- 
ness, gaseous turbulent combustion is a remarkably complex subject 
whose deta iled  ch aracteris tics  are not well known, even without the 
presence o f a second phase v i z . , coal p a rtic le s . A series of 
reviews (Libby and W illiam s, 1980; Jones and Whitelaw, 1982, 1984) 
suggest th a t there  is much work to be accomplished before our 
understanding o f th is  subject is adequate.
The basic problem of the gaseous turbu lent combustion lie s  in  
the proper modeling of the turbu lent co rre la tio n  term which arises 
in the non-linear chemical reaction source term. The d ire c t sta­
t is t ic a l  moment closure method, as in the turbulence modeling of 
the Reynolds stresses, again gives rise  to  the closure problem. 
The higher co rre la tio n  terms cannot be neglected due to the^sign if­
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6icant fluctuations of temperature, density and species concentra­
tio n . Most combustion models circumvent the d i f f ic u lty  by ignoring 
the chemical k in e tic  aspects of the problem and model the reaction  
using turbulent mixing as the ra te  lim itin g  step. In other words, 
chemical equilibrium  is  presumed.
Typical examples of turbulence-only models are the eddy break 
up model fo r a premixed flame (Spalding, 1971; Magnussen and H jer- 
tager, 1976) and flame sheet approximation using a conserved scalar 
(B ilg e r, 1976) fo r a non-premixed flame. Magnussen and H jertager 
(1976) suggested that th e ir  proposed model was applicable to both 
premixed and non-premixed flames. Although these models have been 
shown to be successful tools in predicting  overall p ro file s  of main 
species, serious drawbacks e x is t, since the methods do not incor­
porate local flame quenching or extinction  e ffe c ts , and minor 
species are not well predicted, where chemical k inetics  play an 
important ro le .
Local flame extinction  usually occurs when the turbulent 
mixing rate  overwhelms the rate of chemical reaction , th a t is ,  fo r  
very small Damkohler numbers. Local flame extinction  may be ev i­
denced by flame l i f t - o f f  and b low -off which occurs when the e x it  
ve lo c ity  o f burner exceeds a certa in  c r it ic a l  ve lo c ity . Flame 
quenching phenomena is o f p rac tica l importance in  connection with 
flame s ta b iliz a t io n , and lim its  of stable operation must be known 
in developing ra tio n a l designs o f burners used in , fo r example, 
non-premixed flame combustors fo r power production or in  f la r in g  
applications fo r the petroleum industry.
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7In modeling flame quenching, a scalar dissipation rate is 
usually defined by using the analogy of spectral transfer of turbu­
le n t k in e tic  energy. However, the modeling of scalar dissipation  
ra te  is  not well ju s t if ie d ,  and usually resort is made to em piri­
cism. A number of applications have been reported where the con­
cept of scalar d issipation rate had been used fo r the prediction of 
non-equilibrium  effects  or flame l i f t - o f f  heights (B ilg e r, 1979, 
1980; Liew e t a l. 1984; Peters and W illiam s, 1983). In general, 
th is  area is  not well established and is in  a state of development.
P a rtic le  motion in a flow is usually described by the steady- 
sta te  aerodynamic drag force. Generally buoyant forces, v ir tu a l 
mass e ffe c ts , Basset forces, and ro tational e ffec ts  are neglected. 
The neglect of these terms is a common practice in the study of 
pulverized coal combustion, and may be ju s t if ie d  by the large ra tio  
of p a r t ic le  density to gas density. Considering the crossing 
tra je c to ry  e ffe c t (Shih and Lumley, 1986) in the migration of 
p a r t ic le  from one eddy to another, the Basset forces (the deviation  
of the shear stress during the transient period from the steady 
value) may become s ig n ific a n t in highly turbulent flows.
Even in the s im p lified  approach, where the aerodynamic drag is  
the only force accounted fo r , the non-linear feature of the drag 
causes serious d if f ic u lt ie s  in the calcu lation  of p a rt ic le  t ra je c ­
to ry  in turbulent flows. The modeling o f the corre lation  term 
between the drag c o e ffic ie n t fluc tuation  and the d ifference of 
p a r t ic le  and gas ve locity  fluc tuation  has been addressed using a 
gradient assumption (Lockwood, 1980; Smith et a l . ,  1981) with the 
ad hoc sp ec ifica tio n  of empirical constants. An a lte rn a tiv e  ap­
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8proach, which has been proposed by Gosman and Ioannides (1980) 
employs a stochastic method, which circumvents the correlation  
modeling by solving the instantaneous equation of motion, and by 
the random sampling of tu rb u len t properties based on the k-e turbu­
lence model. Shuen e t a l .  (1983a) have shown th a t th is  approach 
works well in  r e la t iv e ly  simple parabolic or je t  type flows. 
However, ra ther lim ite d  investigation  has been made of the perfor­
mance o f the stochastic method in e l l ip t ic  flows. Stochastic in le t  
conditions and the number of stochastic ite ra tio n s  have not been 
w ell studied (Truelove, 1986; Boyd and Kent, 1986).
D e v o la tiliz a tio n  laws th a t are commonly used are the constant 
evaporation rate model (Baum and S tree t, 1971), the two competing 
reaction scheme (Kobayaski, 1977), and the m u lti-p a ra lle l reaction  
model (Anthony et a l . ,  1975). Char reaction rate is  controlled by 
oxygen mass d iffus ion  ra te  and chemical reaction ra te . The harmon­
ic mean of these rates is  usually used to describe the overall 
reaction ra te . Several experimental data are ava ilab le  fo r char 
reaction rate (Baum and S tre e t, 1971; F ie ld  e t a l . ,  1969; Lester e t 
a l.  , 1981).
Due to highly em itting  and absorbing nature of pulverized coal 
flames, rad iation  is  a s ig n ific a n t mode of heat tran sfer in  pulver­
ized coal combustion system. A common approach to model rad iation  
is to use the four flu x  method which includes anisotropic and 
m ultip le  scattering  e ffe c ts  (Varma, 1979; Gosman and Lockwood, 
1974).
As mentioned e a r l ie r ,  chemical kinetics plays an important 
ro le  in  minor p o llu tan t species formation. Nitrogen oxide is one
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9of the most important p o llu tan t species th a t is  formed in pulver­
ized coal combustion system. Coal contains approximately 1-2% 
nitrogen by weight depending on the coal type. Fuel NO can be 
formed from the homogeneous oxidation of nitrogen constituents  
released during the d e v o la tiliz a tio n  process, or from heterogeneous 
oxidation of nitrogen compounds remaining in the char follow ing  
d e v o la tiliz a tio n . Fuel NO formed in  the gas phase from oxidation  
of d e v o la tilize d  nitrogen species is considered to account fo r  
60-80% o f the to ta l NO formed (Pershing and Wendt, 1977; Pohl and 
Sarofim, 1977). The modeling o f fuel-bound NO formation has been 
reported by H i l l  (1983), where the nitrogen oxide formation rates  
are assumed to be only a function o f local stoichiom etry as in the 
thermal NO modeling o f Fennimore and Fraenkel (1981). However, a 
number o f ad hoc assumptions have been made, and in general, NO^  
modeling in pulverized coal combustion systems warrants more a tten ­
tio n .
1.2 OBJECTIVE
The goal o f th is  study is  to evaluate some of the ex is tin g  
models used in the sim ulation o f pulverized coal combustion systems 
and thereby develop more appropriate models fo r input in to  a r e l i ­
able comprehensive computer code. Considering the wide range of 
topics associated w ith pulverized coal combustion processes, empha­
sis is placed on four specific  aspects. These are (1 )  improving 
numerical solution methods, (2 ) improved modeling o f gaseous turbu­
len t combustion by incorporating nonequilibrium e ffe c ts , (3 )  im­
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proved modeling of turbulent p a r t ic le  dispersion, and (4 ) modeling 
o f nitrogen oxide formation in pulverized coal combustion systems.
Specific  objectives in  each task are:
(1 )  Numerical solution method: Since the comprehensive
computer simulation is  time consuming and the flow  
f ie ld  calcu lation  depends on the proper pressure -  
velocity  coupling scheme in  the momentum equations, 
i t  is  c r i t ic a l  to evaluate the re la tiv e  performances 
of ex is ting  solution methods of pressure ve lo c ity -  
linked systems, and develop more e f f ic ie n t  algor­
ithms. The proper resolution of coupling through 
source terms is  also an important issue, and needs 
to be addressed.
(2 )  Gaseous turbulent combustion: The fa s t chemistry 
assumption has been generally used in tre a tin g  
turbulent reactions but th is  approach does not 
account fo r nonequilibrium e ffe c ts  such as local 
flame quenching, which is typ ica l in  a l l  p ractica l 
flames. Thus development of an appropriate model of 
nonequilibrium turbulent combustion is  important.
(3 )  Turbulent p a r t ic le  dispersion: The accurate predic­
tion  of p a r t ic le  tra je c to ry  in  a two phase reacting  
system such as pulverized coal combustion is c r i t i ­
cal to the sa tis fac to ry  performance of the compre­
hensive model. The objective in  th is  task is  to 
evaluate the ex is tin g  models o f turbulent p a rtic le  
dispersion and to develop improved models.
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(4 ) Nitrogen oxide formation: Since the fuel bound
nitrogen oxide is one of the major po llu tan t species 
formed in pulverized c o a l-fire d  processes, the 
appropriate modeling of nitrogen oxice formation is 
important.
1 .3  ORGANIZATION OF THE DISSERTATION
The d isserta tion  research described herein is divided into  
eight chapters. The f i r s t  chapter is  meant to be an introduction  
to provide an overview of pulverized coal combustion modeling and 
is aimed at ty ing together what otherwise might seem to be vaguely 
re lated  pieces of work. Chapter 2 b r ie f ly  described the basic 
gas-, p a r t ic le -  and two-phase models, as well as the solution  
procedure, which is used fo r the comprehensive modeling study in 
th is  d isserta tio n . Chapter 3 provides an evaluation of the re la ­
t iv e  performances of existing  numerical algorithms fo r pressure- 
ve loc ity  linked systems, and an improved algorithm fo r high sw irl­
ing flow ca lcu lation . The modeling of nonequilibrium turbulent 
reaction is discussed in Chapter 4, and a model fo r nonequilibrium  
e ffec ts  such as flame extinction is developed fo r intensive, gas­
eous, non-premixed, turbulent combustion. The performance of th is  
model is  tested by comparison in  the fa s t chemistry prediction. 
Chapter 5 presents the evaluation of ex isting  models of turbulent 
p a rtic le  dispersion such as the em pirica lly  gradient models and the 
stochastic model. An improved stochastic model fo r turbulent 
p a rtic le  dispersion is  presented. The overall evaluation of com­
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prehensive computer code is  presented in Chapter 6. Chapter 7 
describes the development and app lication  of a model to predict 
nitrogen oxide formation in pulverized coal combustion systems. 
Summary o f present work and fu tu re  recommendations are made in 
Chapter 8.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2
SINGLE- AND TWO-PHASE MODELS FOR 
PULVERIZED COAL COMBUSTION
The purpose of th is  chapter is  to b r ie f ly  describe the impor­
ta n t gas-, p a r t ic le -  and two-phase models which are in the compre­
hensive modeling of pulverized c o a l-fire d  processes. Gas phase 
turbulence and reaction models are provided in section 2 .1  followed  
by a description of the solution procedure and model evaluations 
fo r  isotherm al, turbulent flows. The important p a rtic le  phase 
equations, g as -p artic le  coupling scheme, and two-phase rad ia tion  
models are presented in the section 2 .2 , together with the p a r t ic le  
and two phase solution techniques.
2 .1  GAS PHASE MODELS
The gas phase is  considered to be a turbulent reacting contin­
uum f ie ld  th a t can be described by the general governing equations 
in  an Eulerian framework. The governing Navier-Stokes equation are 
reduced in  th is  study with the follow ing s im plifica tions: (1 )
c y lin d ric a l coordinates, (2 )  2-dimensional axi-symmetric geometry,
(3 ) no body forces, (4 )  steady s ta te , (5 )  Newtonian f lu id ,  (6 )  no 
d ila ta tio n .
Turbulence is  modeled by decomposing the variables in to  a 
time-mean component and a flu c tu a tin g  component. The two-equation
13
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(k -s ) model is  used fo r closure (Launder and Spalding, 1972).
Turbulence introduces great complexity into gas phase reaction  
modeling. One o f the approaches commonly adopted is to assume fas t  
equilibrium  chemistry, so that the reaction is  lim ited  by the rate  
of turbulent mixing. Typical examples of fas t chemistry models are 
the conserved scalar method (B ilg e r, 1976; Elgobashi and Pun, 1974)
fo r nonpremixed flames, and the eddy breakup model (Spalding, 1971;
Magnussen and H jertager, 1976) fo r premixed flames. Magnussen and 
H jertager (1976) have suggested that th e ir  model can be applicable  
to both premixed and nonpremixed combustion.
The conserved scalar method presumes th at an equilibrium ,
irre v e rs ib le , one step chemical reaction is va lid  instantaneously, 
so th a t fuel and o x id izer always combine in a stoichiom etric ra tio  
to form a s ingle product whenever they both coexist simultaneously 
a t the same point. Assuming fu rth e r, th a t the d iffusion  co e ffic ­
ients fo r the mass frac tio n  of fu e l, ox id izer and enthalpy are 
equal and th a t the adiabatic wall conditions are v a lid , the instan­
taneous values o f fuel and oxid izer mass fractions and enthalpy can 
be re la ted  to a conserved scalar lik e  a mixture frac tion .
The basic idea o f the eddy breakup model is  th a t the rate  of 
reaction is  contro lled  by the rate of turbulent d issipation ( i . e .  
eddy breakup). The adoption of k-e turbulence model fo r the model­
ing o f eddy breakup is  a common practice . As mentioned in Chapter 
1, both models have been widely used and shown to be successful 
tools in pred icting  overa ll p ro file s  of main species in intensive  
turbu lent combustion l ik e  a natural g as -a ir flame.
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The Navier-Stokes equation is applicable to laminar flows as 
well as to turbulent motion, but i t  cannot be d ire c tly  involved in 
the case o f tu rbu len t flows. This is because the length and time 
scales of turbulent motion are very small, fo r example, eddies 
which are responsible fo r the decay of turbulence in a gaseous flow 
are ty p ic a lly  about 0.1mm (Spalding and Launder, 1972), while the 
flow domain of p rac tica l combustor may extend up to 10 meters. The 
capacity and speed of the present day computers is  not s u ffic ie n t  
to resolve such small length and time scales.
The usual technique fo r resolving th is  d if f ic u lty  is  to take 
the time-average and to assume small density variations. However, 
in reacting flows, the neglect of density fluc tuation  is not well 
ju s t if ie d  due to the steep varia tio n  o f the density in the flame 
zone. In order to avoid th is  d i f f ic u lty ,  Favre averaging (Favre, 
1969) is  commonly used as a v iab le  a lte rn a tiv e , where quantities  
are weighted by the instantaneous density. When incompressible 
flow is  assumed, the only unknown term is  the Reynolds stress. The 
most common practice  is  to use the Bousinessq hypothesis, th a t is ,  
the Reynolds stress can be replaced by the product of the mean 
v e lo c ity  gradient and a quantity termed eddy or turbulent viscos­
i ty .  The task, th ere fo re , is  to  express the turbulent v iscosity  in  
terms o f known or calculated q u a n titite s . The popular approach is  
the use of the two-equation (k -s ) model (Launder and Spalding, 
1972), where a Prandtl-Kolmogorov re lationship  is  used to correlate  
the eddy v iscos ity  to the turbulent k ine tic  energy and its
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dissipation  rate .
p. = C pk2/e  t  p ( 2 . 1 . 1 )
Thus th is  model is closed by solving transport equations fo r  k and
The governing equations that represent the turbulent f lu id  
mechanics is  expressed in  c y lin d ric a l coordinates as
where denotes general time mean dependent variables such as 
ve lo c ity  components and other variables of the turbulence model.
and stand fo r the corresponding turbulent d iffusion c o e ffic ­
ien t and source term, respective ly . Expressions fo r  and are 
presented in Table 2 .1 .1  together with empirical constants fo r the 
k-e turbulence model (K h a lil e t  a l . , 1975), where a denotes turbu­
len t Prandtl/Schmidt number.
2 .1 .2  Turbulent Combustion -  Fast Chemistry Model
Conserved Scalar Method
As mentioned e a r l ie r ,  the main features of conserved scalar 
method (B ilg e r, 1976) are the assumption of a single step, fa s t  
chemistry reaction and the assumption o f mean e ffe c tiv e  mass ex­
change co e ffic ien ts  fo r a l l  species. The consequence of these two 
assumptions is  th a t a passive scalar can be defined as follows:
£.
(rpv<j>)
( 2. 1. 2)
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Table 2 .1 .1  Expressions fo r I \  and fo r k-e turbulence model
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<t> = mfu
ox
s
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(2 .1 .3 )
where m is  the mass fra c tio n  and s is the stoichiom etric oxygen 
requirement per u n it mass of fu e l. The governing equations fo r the 
passive scalar variab le  is characterized by the lack of any source 
or sink term. One o f the most popular passive scalar employed in 
turbu lent combustion is  the mixture frac tio n  defined
~ 4> -  <t>
f  = ---------- (2 1 4)
4 , -  «}>
fu ox
where subscripts fu and ox stand fo r fuel and oxid izer streams, 
respective ly  and t i ld e  ~ denotes instantaneous value. Using the 
mixture fra c tio n  f ,  the instantaneous values of species mass fra c ­
tions and enthalpy are re lated  as shown in Fig. 2 .1 .1 .
In  order to ca lcu la te  the time-mean values of mass fractions , 
temperature and density, consideration should be given to the 
turbu lent flu c tu a tio n s , which are often large compared to th e ir  
mean values (Kent and B ilg e r, 1973). In other words, the variance 
of the mixture fra c tio n  termed g and the instantaneous varia tio n  of 
f  w ith time should be appropriately modeled. Expressions and 
are presented in  Table 2 .1 .2  fo r the variables f  and g. To model 
the temporal varia tion s o f f  the p ro b a b ility  density function (pdf) 
of f  is  chosen and d iffe re n t pdf's  have been proposed by various 
authors. Most typ ica l examples of these are a clipped Gaussian pdf 
(Elgobashi and Pun, 1974) and a beta pdf (Richardson e t a l . ,  1953). 
In the present study, the Gaussian pdf is  adopted, which is  shown
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Table 2 .1 .2  Expressions fo r I"\ and S^ . fo r
< ( > < } >
turbulent combustion models
<t> r <)> s<f
f 0
Conserved
Scalar
Method
g
i±t
^g
Cg lGgl " Cg2p t  9
Eddy
m, fu
‘■‘t
a fu m,fu
Breakup
Model
h pt
CTh
uj H, m- fu fu
g l  Mt ^ 3 x ' KB r J J
cg l  =  2 8 Cg 2 = 2- 0
a ,  = a = a 
f  S " fu
= a. = 0 .9  n
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STREAM
Fig. 2 .1 .1  Relations between instantaneous 
qu an tities : mass fra c tio n s , enthalpy,
temperature and mixture fra c tio n
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in Fig. 2 . 1 . 2 .  Because o f c lip p ing , the pdf, p ( f )  is represented 
by
p ( f )  = exp [ - ( f - F ) 2/2o2] [U ( f -0 )  -  U ( f - l ) ] /
a ( 2 n ) ls + 2Ao6 ( f -0 )  + 2A16 ( f - l )  (2 .1 .5 )
In Eq (2 .5 ) ,  U(£) is a un it step function defined by U(£)=0» £<0; 
U (£ )= l, £>0; and 6(£) denotes the Dirac Delta function, Aq and A^  
are given by
A = f °  exp [~ ( f -F )2/2 a 2] d f / [ o ( 2 n f y  (2 .1 .6 )
-03
03 'v
A = J exp C -( f -F )2/2o2] d f / [ o ( 2 n ) h]  (2 .1 .7 )
1 1
F and o are respectively the mean and the standard deviation fo r
the normal Gaussian d is trib u tio n  function. Note that A and A,o 1
represent the interm ittency in a nonpremixed flame.
The time mean value, f ,  and the variance g, of p ( f )  are given 
by the f i r s t  and second moment about f=0. The corresponding ex­
pressions are
1~ ~ i
f  = A1 + S f  exp [ ( f - F ) 2/2 a 2] d f/[a (27t)'5] (2 .1 .8 )
o
g = A1 -  f 2 + / f 2 exp [ - ( f - F ) 2/2o 2] d f / l o ( 2 n f y  (2 .1 .9 )
o
Thus, when we know the solution of f  and g, a t any local point, 
values of F and ct, p ( f )  can be obtained from Eq. 2 .1 .5 . Further 
a l l  other mean variables l ik e  species mass fractions and enthalpy 
can be calculated since they are instantaneously re lated  to f .  The
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PC?)
Fig. 2 .1 .2  The clipped Gaussian pdf, p ( f )
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values of F and a can be e f f ic ie n t ly  obtained from a table set up 
of ct and F against the corresponding values of f  and g.
The mean value, <t> of a instantaneous quantity can be evaluated
from:
1~  ~  ~  ~
<t> = S <)>(f)p(f)df (2 .1 .1 0 )
o
Eddy breakup model
The basic idea in an eddy breakup model lie s  in  the calcula­
tion  of the turbulent mixing time using a proper turbulence model. 
Many d iffe re n t variants of the eddy breakup model fo r  combustion 
have been proposed, but a l l  require a turbulence time scale in  the 
formulation. This time scale represents the time required fo r  the 
turbulence to stretch  an eddy by vortex stretching mechanisms to a 
s u ff ic ie n t ly  small transverse length scale, in which fuel and 
oxid izer in a non-premixed system or fu e l-o x id ize r mixture and 
combustion products in  a premixed system can be rap id ly  mixed and 
burned. A typ ica l expression developed by Spalding (1971) for 
premixed flame is
“ fu ~ mfu2 I
2
where m^ y is the root-mean-square concentration flu c tu a tio n , and s 
and k are turbulent k in e tic  energy and dissipation ra te .
The idea behind using s /k  in  Eq. (2 .1 .1 1 ) is  th a t the ra te  of 
reaction is  contro lled  by the ra te  of turbulent d issipation  or eddy 
breakup. However, th is  expression also requires the ca lcu la tio n  of 
turbulent fluc tuations of species mass frac tio n . In order to
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overcome th is  d i f f ic u lty ,  Magnussen and H jertager (1976) proposed a 
modified eddy breakup model, in which the species fluc tuation  
quantity  in  Eq. (2 .1 .1 1 ) is  replaced by the mean concentration of 
the in te rm itte n t quantity by assuming a re lationsh ip  between the 
fluc tua tions and the mean concentrations. Using the idea of Mag­
nussen and H jertager, the source term of fuel mass frac tio n  is  
expressed as:
tufu = minimum of j pAinfu s /k , pA(mox/ s ) ,  pA'(mpr/( l+ s )e /k |  (2 .1 .1 2 )
The eddy breakup combustion model requires the solution of the 
species and enthalpy balance equations w ith volumetric reaction  
source terms as shown in Eq. (2 .1 .1 2 ) . The corresponding 1"^  and Sp 
expressions together with empirical constants have already been 
presented in  Table 2 .1 .2 .
2 .1 .3  Thermodynamic properties
The density o f a mixture of a i r ,  gases, and the combustion 
products is  expressed by the ideal gas equations. The specific  
heat is  calculated from the expressions of Van Wylen and Sonntag 
(1978). Other gaseous properties such as v iscosity  and thermal 
conductiv ity are obtained from the tabulated data in NASA Technical 
Report (Svehla, 1962). The d e fin it io n  used is  fo r  the stagnation 
enthalpy of the mixture:
h = m f u Hf u + Z m i Cpi T (2 - 1* 13)
where the gas phase k in e tic  energy is  neglected and the heat of
reaction of fu e l, Hfu , can be determined from the fuel properties.
In the present study, s in g le -s tep , irre v e rs ib le  reactions are
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assumed and the values of fo r the fuel components are taken
from Glassman (1977).
2 .1 .4  Solution Procedure
The f in i t e  d ifference form of the e l l ip t ic  conservation equa­
tions w il l  be solved by an i te r a t iv e  technique. The d if f ic u lty  in 
the solution process is  because of the unknown pressure gradient 
term in the ax ia l and rad ia l ve lo c ity  equations. This problem is 
solved by a procedure called  SIMPLER ( S e m i-Im p lic it Method for 
Pressure Linked Equations Revised). This method has been accorded 
a book length description by Patankar (1980). Therefore, only a 
b r ie f  description w il l  be provided here.
SIMPLER is  a f in i t e  d ifference calcu lation  procedure, where 
the domain o f in te re s t is f i r s t  d iscretized  in to  control volumes 
and then the grid  points are placed a t the center of the control 
volumes. A boundary grid  point is  also placed midway along the 
control volume face which coincides w ith the boundary of the compu­
ta tio n a l domain (F ig . 2 .1 .3 ) .  The x and y components of ve loc ity ,
i . e . ,  u and v, are stored a t the staggered points shown by arrows 
in  Fig. 2 .1 .4a . A ll other variab les are stored a t  the main grid 
points.
The f in i t e  d ifference equations fo r each <|> are obtained by 
in te rg ra tin g  Eq. (2 .1 .2 )  over the appropriate control volume. The 
convection and d iffu s io n  terms become surface in teg ra ls  o f the 
convection and d iffu s io n  fluxes resu lting  in  the follow ing equa­
tio n :
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Figure 2 .1 .3 : Schematic o f the g rid  layout
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(b )
Fig. 2 .1 .4  (a ) Schematic o f staggered grid layout
(b ) Nomenclature used in  the grid
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Table 2 .1 .3  The form of the components of the linearized  source
f S„dV = S <(> AV + S AV v <)> P P c
s
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a
a r (p t
av. 
r  dx)
-  9£ 
ax
V - 2 n t
r 2 h  t  &  + 1
a
a r <pt
3Vv
r a7 )
.  §£ 
a r
w pt2
.  (£v + 1 
vr  r  8 r  J w
k .  ££ k Gk l
Cl Cu p k Gkl£ k pt
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
29
[pup -  r ,  a  -  [pup -  r , § ^ ] aK T p 3x e e K Y p 3 r Jw w
*  CPV* '  r „ fr^ n  \
-  £(«♦ -  r *  As = [ V>P *  Sc^AV C 2 1 ' 14)
where and Sc^ are tabulated in Table 2 .1 .3  and subscripts n, s,
e, and w re fe r to north, south, east, and west control volume 
faces. The convective and d iffu s iv e  fluxes across the control 
volume faces are expressed in terms o f g rid  point p values by using 
a power law scheme (Patankar, 1980), which provides a more accurate 
solution than other proposed schemes such as central d ifference,
upwind, and hydrid schemes. Using the power law scheme, the to ta l 
f lu x  (J ) across the "e" control volume face can be w ritten  as
Je = Fe *p + {DeA (l Pe P  + C~ Fe ’ 0 ]}  (<i>p " V  ’ (2 -1 -15 )
where
A(|Pe | )  = [0 ,  (1 -  O . l j  Pe | ) 5] (2 .1 .1 6 )
and the symbol [a ,  b ] is used to denote the greater of a and b.
The Peclet number P which is the ra t io  o f the convection flu x  ande
the d iffu s io n  conductance is  given by 
F
Pe = D £  > (2 .1 .1 7 )
e
where F is the flow rate (pu) A and D is  the d iffusion conduc- e K e e e
r  A
tance ( ^  ) .  The approximate expression fo r  the co e ffic ie n t of 
d iffus ion  a t  control volume face is  given by the harmonic mean 
which is
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where the distance (6x )e , (6 x )e -, and (6x)e+ associated with the 
in te rface  e are shown in Figure 2 .1 .4b .
The fin a l d isc re tiza tio n  equation can be w ritten  as
ap<J>p = aE<J>E + a ^  + a ^  + a$<}>s + b (2 .1 .1 9 )
aE = De A( Pe } + C"Fe’ 0] (2 .1 .2 0 )
a „ =  Dw A( Pw ) + [F^, 0] (2 .1 .2 1 )
aN = Dn A( Pn ) + [ -F n, 0 ] (2 .1 .2 2 )
aS = Ds A( Ps ) + [Fs ’ 0] (2 .1 .2 3 )
b = Sc AV (2 .1 .2 4 )
ap = aE + \  + aN + aS " Sp AV (2 .1 .2 5 )
The system of algebraic equations, represented by Eq. (2 .1 .1 9 )  
is  solved ite ra t iv e ly  by using a lin e -b y -lin e  TDMA (TriD iagonal- 
M atrix Algorithm). For physically  r e a l is t ic  solutions, a l l  coef­
f ic ie n ts  (ap and neighbor coe ffic ien ts  a ^ )  must always be positive  
and Sp should be made negative whenever possible. Table 2 .1 .3
shows the expressions fo r the source terms S and S fo r  the v a r i-c p
able 0 terms.
The correct ve loc ity  and pressure f ie ld s  are obtained when the 
solution to the momentum equation w il l  re s u lt in a ve loc ity  f ie ld  
th a t s a tis fie s  the con tinu ity  equation. The d iscretized  momentum 
and con tinu ity  equations are given by
ae ue = 1 anb unb + b + (pp " pE)Ae (2 .1 .2 6 )
[(p u )e -  (pu)w]AyAz + [ (p v )n -  (p v )g]AzAx = 0 (2 .1 .2 7 )
The SIMPLER algorithm consists o f solving pressure equation to
obtain pressure f ie ld  and solving pressure-correction equation to
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correct the v e lo c itie s . Before describing the SIMPLER algorithm, 
the pressure correction and pressure equations w il l  be derived.
Pressure Correction Equation
The momentum equation (2 .1 .2 6 ) can be solved only when the 
pressure f ie ld  is  given. Unless the correct pressure f ie ld  is  
employed, the resu lting  ve loc ity  f ie ld  w ill  not s a tis fy  the contin­
u ity  equation. Such an imperfect ve locity  f ie ld  based on a guessed 
pressure f ie ld  p* w il l  be denoted by u*. This "starred" velocity  
f ie ld  w il l  resu lt from the solution of the follow ing equation.
V e  = Zanb uSb + b + -  >>E>Ae f 2' 1 ' 28)
Our aim is  to find  a way of improving the guessed pressure p* such 
th a t the resu lting  starred velocity  f ie ld  w il l  progressively get 
closer to sa tis fy ing  the continuity Eq. (2 .1 .2 7 ). Let us propose 
th a t the correct pressure p is  obtained from
p = p* + p ' (2 .1 .2 9 )
where p ' w il l  be ca lled  the pressure correction. The corresponding 
v e lo c ity  correction u ' can be introduced in a s im ila r manner: 
u = u* + u ' (2 .1 .3 0 )
I f  equation (2 .1 .2 8 ) is subtracted from equation (2 .1 .2 6 ) ,  we get
aeue = I a nb unb *  %  '  P p Ae (2 - 1- 31)
By dropping the term u 'b, the ve loc ity  correction formula can
be w ritten  as
ue = ue + de %  " PE5 (2 .1 .3 2 )
where
A
de = ^  (2 .1 .3 3 )
e
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The correction formula fo r the y -v e lo c ity  component can be obtained 
s im ila r ly :
vn = VS + dn %  -  l>N> (2 .1 .3 4 )
By sub stitu ting  ug and vn given by ve lo c ity  correction formula into
Eq. (2 .1 .2 7 ) ,  the follow ing pressure correction equation is'
obtained:
apPP = 1 3nb Pnb + b t 2 ’ 1*35)
where
b = [ (p u *)w -  (pu*) lAyAz + [ (p v *)  -  (pv*) lAzAx (2 .1 .3 6 )w s 5 n
I t  can be seen from equation (2 .1 .2 8 ) that the term b in  the pres­
sure correction equation is essen tia lly  (the negative) of the 
le ft-h an d  side of the continu ity  equation (2 .1 .2 7 ) evaluated in  
terms of the starred v e lo c itie s . I f  b is  zero, i t  means th a t the 
starred  v e lo c itie s  sa tis fy  the continu ity  equation. The term b 
thus represents a 'mass source', which the pressure correction must 
an n ih ila te  fo r  correct ve lo c ities .
Pressure Equation
An equation fo r obtaining the pressure f ie ld  can be derived as 
follow s: The momentum equation (2 .1 .2 6 ) is  w ritten  as
ue = Ge + de (pP " PE) (2 .1 .3 7 )
where the pseudo ve lo c ity  ue> which is  composed o f the neighbor
v e lo c it ie s , is  defined as
1  3 nh U„h + b
De = --------------   (2 .1 .3 8 )
e
S im ila r ly ,
v„ = v + d (PD " PM) (2 .1 .3 9 )
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In a manner s im ila r  to the d eriva tio n  of pressure-correction equa-
The major d ifference between the pressure-correction equation 
(2 .1 .3 5 )  and the pressure equation (2 .1 .4 0 )  is th a t no approxima­
tions have been introduced in the derivation of the pressure equa­
tion . Thus, i f  a correct v e lo c ity  f ie ld  were used to ca lcu la te  the 
pseudo v e lo c it ie s , the pressure equation would a t once give the 
correct pressure.
The SIMPLER algorithm consists o f the follow ing steps (Patan- 
kar, 1980):
1. S ta r t  w ith a guessed v e lo c ity  f ie ld .
2. Calculate the co e ffic ien ts  fo r the momentum equations and 
hence calcu late  u, v from equation (2 .1 .3 8 ) by substitu ting  
the values o f the neighbor v e lo c itie s  u ^ .
3. Calculate the co e ffic ien ts  fo r  the pressure equation (2 .1 .4 0 ) ,
and solve i t  to obtain the pressure f ie ld .
4. Treating the pressure f ie ld  as p *, solve the momentum equa­
tion s to obtain u*, v *.
5. Calculate the mass source b [equation (2 .1 .3 6 )]  and solve and
p ' equation.
6. Correct the ve loc ity  f ie ld  by use o f equations (2 .1 .3 2 )  and 
(2 .1 .3 4 ) .
t io n , can be w ritten  by su b stitu tin g  the expressions fo r  ug and vn 
given above in to  the con tinu ity  equation
(2 .1 .4 0 )
where
b = [(p u )w -  (pu)s3 AyAz + [ (p v )s -  (p v )n] AzAy (2 .1 .4 1 )
7. Solve the d is c re tiza tio n  equation fo r other <j>'s.
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8. Return to step 2 and repeat u n til convengence.
The system of algebraic equations, represented by Eq. (2 .1 .1 9 ) ,  is 
solved ite ra t iv e ly  by using a lin e -b y -lin e  TDMA mentioned e a r lie r . 
The designation TDMA refers to the fa c t that when the co e ffic ien t  
matrix fo r these equations is  w ritte n , a l l  the non-zero co e ffic ­
ients a lign  themselves along the three diagonals o f  the m atrix. In 
the lin e -b y -lin e  TDMA one considers the values a t g rid  points along 
a v e rtic a l g r id lin e  to be unknown (values a t P, N and S in Fig. 
2 .1 .3 ) ,  but substitutes the most recent values a t  E and W in the 
algebraic equation which then reduces to  a trid iagona l system of 
equations. The TDMA is  then used to solve fo r 0 in th is  vertica l 
d irec tio n . In  th is  manner one can traverse along a l l  the lines in 
the v e rtic a l d irection  sequentia lly  from l e f t  to r ig h t and r ig h t to 
l e f t  o f the computational domain. S im ila r ly , the l in e -b y -lin e  TDMA 
is applied to  the horizontal g rid lines  from bottom to top and top 
to bottom.
At each ite ra tio n  i t  is  necessary to  employ some degree of 
underrelaxation when solving the system of algebraic equations.
*  = X *ne« + Cl - »  ♦old <2.1.42)
Unacceptably slow convergence or divergence of the solution is 
obtained i f  the factors are too low or too high, respectively. 
Large pressure corrections arise  which produce large u- and v- 
ve lo c ity  corrections. I f  these corrections are too large per 
i te ra t io n , the non linearity  o f the f in i t e  d ifference equations 
causes divergence.
V e loc ity  and pressure corrections per ite ra t io n  become smaller 
as the solution proceeds towards convergence. Thus underrelaxation
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factors (expec ia lly  fo r u- and v- v e lo c itie s ) are assigned small 
in i t ia l  values and then increased, fo r fas te r convergence, as the 
i te ra t io n  proceeds. Typical values fo r sw irling flows are 0.2 - 
0 .4  fo r  the ve lo c ity  components and 0.4  -  0.7 fo r the scalar v a r i­
ables. For the nonswirling cases, values up to 0 .9  are successful­
ly  used fo r a l l  dependent variables.
Increased accuracy of the in i t ia l  estimate of dependent v a r i­
ables c le a rly  reduce the amount of computational work required.
Since the user generally desires to u t i l iz e  such a computer 
code to  solve a series of problems, he generally has converged 
solutions from previous computer runs o f a s im ilar problem. By 
storing these dependent variables on a disk, a much b ette r in i t ia l  
estimate becomes ava ilab le  fo r problems of s im ilar or the same 
configuration .
Final convergence is  decided by checking the sum of mass 
source (b ) in the p ' equation and the change of dependent variables  
during each ite ra t io n . T y p ica lly , the solution is  considered to be 
converged i f  the mass source is  less than 10 ® and no appreciable 
changes of dependent variables are noticed from one ite ra tio n  to 
the next.
Boundary Conditions
The e l l ip t ic  form of conservation equations represented by 
equation (a ) necessitates the specification  of boundary condition  
fo r each variab le . The computational domain is a symmetrical h a lf  
section of a furnace (F ig . 1 .1 ) . Neumann conditions = 0) along 
the axis of symmetry are imposed fo r a l l  0 except fo r the rad ia l
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ve lo c ity . Conditions along the in le t  and o u tle t streams and the 
w alls are given below.
In le t  streams: The in le t  ax ia l ve lo c ity  (U j^) is given and
p a ra lle l in je c tio n  is  assumed, i . e . ,  v^N = 0. The in le t  tangential 
ve lo c ity  (Wj^) is  calculated using the expression of sw irl number 
defined (K h a lil e t a ! . ,  1975) as
where R is  a c h a ra c te ris tic  radius fo r the sw irl number calcula- c
tio n . Turbulence in te n s ity  ( I )  defined by equation (2 .1 .4 4 ) is  
specified fo r k and is  used to calcu late the in le t  value of k
A lte rn a tiv e ly , the percentage of turbulence k in e tic  energy (poake) 
is  employed instead of the turbulence in te n s ity .
2
k = poake (2 .1 .45 )
The d issipation ra te  (e ) is  determined from the follow ing correla­
tio n  (Smith, 1979): 
c3 /4  3 /2
where Dg corresponds to the c h a ra c te ris tic  length fo r the corres­
ponding in le t  stream, th a t is ,  the radius of fuel nozzle (R.,) and 
the width o f annul us fo r a i r  stream.
O utlet stream: The ax ia l ve lo c ity  component is  adjusted to
s a tis fy  the overa ll con tinu ity  w ith the in le t  gas mass flow rates. 
I t  is  assumed th a t a l l  the other variables s a tis fy  Neumann condi-
2
j  _ f p w u r  dr 
J p dr Rc
(2 .1 .43 )
(2 /3 k ) (2 .1 .44 )
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Wall: A wall function treatment is necessary in  near wall
region, since the expression of given by equation (2 .1 .1 )  is 
accurate only fo r the fu l ly  turbulent flow region (and not in the 
near-wall region) and also to avoid the d e ta iled  calcu lation  ( r e ­
quiring a large number o f grid  p o in ts ). For the ve lo c ity  compo­
nents p a ra lle l to  a w a ll, the d iffus ion  fluxes are calculated by 
defining a e ffe c tiv e  d iffus ion  co e ffic ie n t (pe^^) from the em piri­
cal law o f the wall as 
Je f fM ~  = p i f  y+ < H -5
 ^ -----—  i f  y+ £ 11.5 (2 .1 .4 7 )
2.5 £n(9y )
where
y = Pk\  JT (2. 1. 48)
and y^ is  a normal distance from a wall to the corresponding f i r s t  
in ternal g rid  point. For the ve lo c ity  components normal to a w a ll,  
Neumann boundary conditions are employed. For the turbulent k in e t­
ic  energy, generation of turbulent k in e tic  energy (G ^  in Table 
2 .1 .1  is  modified by using tangential shear stress wall function  
(L i 1 ley , 1981):
For north w a ll,
r  -  o r / d u \ 2  . / 3 v . 2  . ^ v . 2 ,  . ,  2 2 ,  ,
kl ^t^ 3x^ dr^ ^   ^ ^Trx Tr0^ ^ e ff
♦ n t ( f ; > 2 (2 .1 .4 9 )
where i rx  = Meff |H  (2 .1 .5 0 )
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
38
_ .8w w. 
Tre Me ff  3 r  " r ; (2 .1 .51 )
For side wal 1,
Gkl =  2p [ ( — ) 2 +  ( — ) 2 + ( - ) 2 ]  + ( x  2 +  t  3x 3 r J  ^ xr
,3w w.2
*  ‘  7 )
Txe^/Me f f
(2 .1 .5 2 )
where T -  3Vxr Me f f  3x 
3w
tx6 He ff  3x
(2 .1 .5 3 )
(2 .1 .5 4 )
The near wall value of t ,  from a local equilibrium  assumption, is
obtained as
£ = Cu3/4 k3/2  0.4 y2 (2 .1 .5 5 )
Table 2.1L.4 summarizes the boundary conditions used in the present
study. The symbol N in the tab le  stands fo r Neumann condition.
Footnote (a ) to (d) imply the following:
(a ) In le t  values are d ire c tly  specified as D irch le t conditions.
Table 2 .1 .4  Boundary conditions fo r dependent variables.
Algebraic
Variables
In le t  O utlet North Wall Side wall Symmetry
axis
u (a ) (b ) (c ) N N
V 0 N N (c ) 0
w (a ) N (c ) (c ) N
k (a ) N (c ) (c ) N
£ (a ) N (d) (d ) N
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(b) The ax ia l v e lo c ities  at the o u tle t are adjusted from th e ir  
immediate upstream values to s a tis fy  overa ll continuity.
(c ) The tangential shear stress wall functions are employed to 
calcu la te  the d iffus ion  fluxes.
(d) The near wall values of e are fixed from a local equilibrium  
assumption.
2 .1 .4  Turbulence Model Evaluation
Numerical predictions of f lu id  flow, based on th is  model, have 
been reported and comparisons have been made with experimental data 
under isothermal or reacting flow conditions (Hutchinson et a l . ,  
1976; K halil e t  a l . ,  1975; Srinivasan and Mongia, 1980; Ramos, 
1984). In  general, the reported agreement is  good.
In  th is  study, a number of predictions have been made and 
compared w ith  experimental data to v e r ify  the accuracy of the 
turbulence model implementation. Data chosen fo r these comparisons 
are the isothermal experimental data of Baker e t a l .  (1974) and 
Owen (1975). Detailed flow conditions are shown in  Table 2 .1 .5 . 
Fig. 2 .1 .5  and 2 .1 .6  show the predicted ax ia l ve loc ity  and turbu­
len t k in e tic  energy d is trib u tio n  and the comparison with the exper­
imental data o f Baker e t a l. (1974). In  Fig. 2 .1 .7 , comparison is 
made against the experimental data of Owen (1975) together with the 
predictions o f Fletcher (1983). In general, agreements are sa tis ­
factory.
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Table 2 .1 .5  Flow conditions and combustor dimension
Baker e t a l . (1974) Owen (1975)
Species
V e loc ity
Cm/s)
A ir
2.44
Primary Turbulent PIugged
Stream In te n s ity
(%)
Radius
(m)
Temperature
(k )
10
0.0318
298
Species A ir A ir
Secondary
V e loc ity
(m/s)
Turbulent
4.18 29.3
Stream In te n s ity
(%)
14 10
Temperature
(k )
298 298
Radius
(m)
0.055 0.0445
Combustor Radius
(m)
0.15 0.064
Length
(m)
0.90 0.61
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M / S
2.0
•  EXPERIMENT Baker et al. ,1974) 
  THIS STUDY X /D 1
1.0
0.67
3.0
0.34
0.17
i
3.0
I
2.0
r/R.
Fig. 2 .1 .5  Mean ax ia l ve lo c ity  p ro f ile  in  
isotherm al, axisymmetric flow
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0  EXPERIMENT^Baker et al.,1974)
THIS STUDY
1.67
l m / s l 2 %
1.34
X/D.
0.67
0.17
Fig. 2 .1 .6  Turbulent k in e tic  energy p ro f ile  in  
isotherm al, axisymmetric flow
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•  EXPERIMENT (Owen, 1975) 
  PREDICTION (Fletcher, 1983)
THIS STUDY
AXIAL DISTANCE ( m )
- 10. -
Fig. 2 .1 .7  Mean ax ia l ve loc ity  p ro f ile  along the 
in isotherm al, axisymmetric flow
centerline
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Pulverized coal flames ty p ic a lly  have a void frac tion  near 
un ity  and the individual p a rtic les  are quite dispersed. Therefore, 
a Lagrangian treatm ent o f the p a rtic le s  is  performed, representing 
the p a r t ic le  f ie ld  as a series of tra je c to r ie s  in terms of p a rtic le  
size  group and in i t ia l  rad ia l locations a t the burner e x it .
The coal reaction rates are assumed to be slow compared to the 
turbulence time scale. This allows the p a r t ic le  properties to be 
calculated from the mean gas properties. The p a rt ic le  motion is 
governed by the e ffe c ts  o f both the turbu len t fluctuations and also 
the mean v e lo c ity . Since a de ta iled  discussion of turbulent par­
t ic le  dispersion is  given in Chapter 5, only a b r ie f  description is  
provided in th is  chapter.
The v o la t il iz e d  co a l-o ff gas is  assumed to consist of methane, 
oxygen and nitrogen. Since deta iled  chemical kinetics is  not being 
considered fo r  the v o la t ile  reactions, the accurate elemental 
composition description is  s u ff ic ie n t  fo r  the determination of gas 
phase flame temperature. P artic les  are defined to consist of coal, 
char and ash. Char reaction rate is  assumed to be governed by 
oxygen mass d iffu s io n  rate  and chemical reaction ra te . The harmon­
ic  mean of these rates is  usually used to  describe the overall 
reaction ra te  (Smoot, 1981).
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Equation of Motion
The equations of p a r t ic le  motion can be expressed as 
du
dt = a (ug '  V  (2 - 2- 1}
dv
d t = “ (vg •  V  (2 ' 2- 2)
where u and v are the ax ia l and rad ia l v e lo c it ie s , and subscripts p 
and g re fe r to  the p a r t ic le  and gas phases, respectively. The term 
a is  defined as
“  -  18  Mg CD Rep/(2 4  Pp d2) , (2 .2 .3 )
where Rep is the p a rt ic le  Reynolds number given by
Re = p I u -  u I d /p  , (2 .2 .4 )p Kg I g pi p Hg
and Cp is the drag c o e ffic ie n t which is  specified according to the 
expression given by W allis  (1969).
The v e lo c itie s  in equation (2 .2 .1 )  -  (2 .2 .4 )  are instantaneous 
quantities  and the time-averaged forms o f the equations may be
expressed as
du
dt = “ (ug " V  + a ' (ug ‘  up> (2 ‘ 2- 5)
dv
d t = a (vg " V  + ° ' (vg " vp} (2 - 2*6)
The second term, on the r ig h t side of equations (2 .2 .5 )  -  (2 .2 .6 )
represents the dispersion o f the p a rtic le s  due to turbulence in the
gas phase, and i t  is  th is  term th a t characterizes the turbulent
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p a rtic le  dispersion. Two empirical gradient models (Lockwood et 
a l . ,  1980; Smith e t a l . ,  1981) and a stochastic method (Gosman and 
Ioannides, 1981) have been reported in the l ite ra tu re . Detailed  
description of these models and improvements considered in th is  
d isserta tion  are given in Chapter 5.
P a rtic le  Energy and Continuity Equations
The p a r t ic le  energy equation must be solved to obtain the 
p a rtic le  temperature. The heat of reaction of the coal is  assigned 
to p a r t ic le  phase. The p a rt ic le  energy equation in  the Lagrangian 
form is:
dT dm
m C = 7t d N uk (T -  T ) -  H fc ^ )P P d t p g g P d t
dm
+ L ( ^ )  + Qr (2 .2 .7 )
The terms on the r ig h t side of the above equation represent heat 
tran s fe r to or from the p a rt ic le  through convection, char reaction, 
v o la t il iz a t io n  and rad ia tion . Nu and k denote Nusselt number and
g
gaseous thermal conductiv ity, and H and L stand fo r  enthalpy of 
char reaction and la te n t heat of d e v o la tiliz a tio n  respectively.
Char reaction is  suppressed u n til v o la t il iz a t io n  is  complete 
and is  modeled here, as suggested by Baum and S treet (1971), by
dmn ?
« E = - kT " V pF.x <2-2'3>
where ICj. is  the overa ll ra te  c o e ffic ie n t, p is  the pressure, and
F is  the oxygen volume frac tio n . The calcu lation  of v o la t ile  ox
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release from the p a r t ic le  is  again based on the recommendation of 
Baum and S treet (1971), 
dx
= min (Qp/L, B) fo r Tp > 600 K
(2 .2 .9 )
dx
-jr^ = o fo r T > 600 Kd t p
Where x is the frac tio n  o f v o la t ile  mass released, Q is  the v ’ ^p
p a rt ic le  heating rate  and B is  a maximum d e v o la tiliza tio n  rate  
equal to 30 s
2 .2 .2  P a rtic le  Phase Solution Procedure
The solution to the Lagrangian p a rtic le  equations is  obtained 
by forward in tegration  process. Since the p a rtic le  equations fo r a 
dependent variab le  tp can be lin e a rized  and expressed as
gf = A -  ty, (2.2.10)
an e x p lic i t  forward in tegration  leads to
4»n+x = 4»n e"B6t + A/B ( l - e ’ B6t) (2 .2 .1 1 )
where n and n+ 1  denote the beginning and end of the time increment 
St.
The modified E u ler's  method of in tegration  is employed fo r the 
Lagrangian p a r t ic le  continuity  and energy equations, while the 
E u ler's  method is  used fo r equations o f p a rt ic le  motion.
2 .2 .3  Partic le-G as Coupling
The Eulerian gas phase equations are coupled to the Lagrangian
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p a r t ic le  phase equations through p a rt ic le  source terms fo r mass
(S m) ,  momentum (S u and S v) and enthalpy (S ^). In order to 
P P P P
f a c i l i t a te  the calcu lation  of the partic le -gas  coupling source 
terms, the main gas phase control volume is divided in to  four parts 
( I ,  I I ,  I I I  and IV ) as shown in Fig. 2 .2 .1 . From any point in one 
o f the four parts , th irteen  possible tra je c to r ie s  are assumed. The 
distance traveled  by p a rtic le  during each time increment 6 t  is  
lim ited  to the next adjacent subdivision. This re s tr ic tio n  is  made 
to maintain the accuracy of the ca lcu la tio n  of source terms. By 
doing th is , the p a rt ic le  source term contributions can be calcu la­
ted e f f ic ie n t ly .  For example, i f  p a rt ic le  moves from point- to  
p o in t- along the tra je c to ry  3 (F ig . 2 .2 .1 ) ,  the corresponding 
source term contributions to the u-momentum and v-momentum equa­
tions fo r the two gas phase control volumes (staggered control 
volume fo r the v e lo c ities  and non-staggered fo r the mass) crossed 
by tra je c to ry  3 w ritten  as
AU . = m,i AUm,o Ax,/Ax 1  0
AUm ,i+ l = AUm,o < ^ 2  + Ax3)/A xo
AV . = AVm,o (Ax1  + Ax2 )/A xq
AVm.J+1 = AVm „ Ax,/Ax , 0  3 0
Am . = Amm,o Ax /Ax 0  0
where AU , AV and Am denote the to ta l change in  the u-mo- m,o m,o m,o 3
mentum, the v-momentum and the mass along tra je c to ry  3. The Axq 
stands fo r  the to ta l distance traveled  during the time increment 
6 t .
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Fig- 2 .2 .1  Subdivisions o f main con tro l volume 
and possib le  tra je c to r ie s
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The p a r t ic le  f ie ld  is modeled as a set of discrete tra je c to r ­
ie s , where each tra je c to ry  represents a number of p a rtic les  of 
uniform p a r t ic le  size and p a r t ic le  s ta rtin g  location in the primary 
j e t .  I t  is ,th e re fo re , assumed the p a rtic le  number flow rate along 
a tra je c to ry  is  constant. Thus the to ta l p a rtic le  source term 
contribution  fo r  each p a rt ic le  tra je c to ry  during any time increment 
6 t  can be obtained from a knowledge of the in i t ia l  p a rtic le  mass 
flow ra te .
2 .2 .4  Four Flux Radiation Model Background
Radiative heat tran s fe r in  furnaces is  c lass ified  into gas­
eous, non-luminous emission and luminous coal p a rtic le  emission. 
In gaseous emission, only the major em itting species such as CC^  
and H^ O are considered and em issivity data fo r these species are 
obtained from ava ilab le  data (Sarofim and H o tte l, 1978). Radiation 
to or from a p a r t ic le  is considered to be only from char and ash 
and the contribution  from soot is  neglected. The information  
necessary fo r p a r t ic le  rad iation  includes p a r t ic le  size d is trib u ­
t io n , concentration, temperature and re fra c tiv e  indices. Radiation 
f lu x  models are described in d e ta il elsewhere (Gosman and Lockwood, 
1974; Varma, 1979; Chu and C hurch ill, 1955), and only a b r ie f  
description of the four flu x  model employed in th is  study is  given 
below.
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Governing Equation
In  describing the f lu x  rad iation  model, the anisotropic scat­
te rin g  term is approximated by assuming th a t a ll rad iation  is  
scattered in to  one of six mutually orthogonal directions - forward,
backward, and to the four sides. The scattered component in each
d irec tio n  can be evaluated by defining anisotropic scattering  
components such as f ,  b and s together with the appropriate phase 
function (Varma, 1979). The terms f ,  b and s denote forward, 
backward and sidewise scattering  components, respectively.
Considering energy balances in each of the six d irections, six 
f i r s t  order flu x  equations can be obtained. Further these f i r s t  
order equations can be combined in to  second order equations by the 
fo llow ing approach of Gosman and Lockwood (1974). The net radia­
tio n  f lu x  (q ) is  defined in  terms of a positive ( I +) and a negative
d " )  f lu x
By manipulating the s ix  f i r s t  order flu x  equations, together with 
the axisymmetric condition , the following second-order working 
equations are obtained:
(2 .2 .1 4 )
(2 .2 .1 3 )
(2 .2 .1 5 )
where
and
(2 .2 .1 8 )
(2 .2 .1 7 )
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and the albedo fo r sca tte r, wq, is expressed as
K K
w0 = K ~ ~ h r = i t  <2- 2 - 19>a s t
The terms C^, C a n d  are variables expressed by albedo and 
scattering components (Varma, 1979) and 1  ^ denotes blackbody rad ia­
tio n .
C oeffic ients
In order to use the above model, the absorption and scattering  
co e ffic ien ts  should be evaluated. The absorption co e ffic ie n t fo r  
the medium is  given by the sum of the gas and p a r t ic le  absorption 
c o e ffic ie n ts ,
Ka = Kag + Kap <2- 2- 20>
The gas and p a r t ic le  absorption co e ffic ie n ts  Kag and are ex­
pressed as
Kag = 1 /je U n U  -  eg) ]  (2 .2 .2 1 )
%  = j  I  Qa " j  d/  ( 2 ' 2' 22)
Where £, Q , n. and d . represent the value of the mean beam length, 
a J J
absorption e ffic ie n c y , p a r t ic le  number density and the p a rtic le
diameter in  a representative p a rt ic le  tra je c to ry  j .  The gaseous
em issivity e is obtained from the ava ilab le  information of CO., and g 2
em issiv ities  at d iffe re n t temperatures (H o tte l, 1954).
A s im ila r expression can be derived fo r the scattering  coef­
f ic ie n t  and is  given as
K = *  (? ) Q n . d . 2  (2 .2 .2 3 )s j  4 s j  j
The Q and Q values are ava ilab le  in  the lite ra tu re  (Smoot and a s
Smith, 1986).
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Solution Procedure
The governing equations fo r the rad iation  f ie ld  does not f i t  
the general form of the gas phase equations, since, not only is  the 
ve lo c ity  f ie ld  not associated with the equations shown in Eqs. 
(2 .2 .1 5 ) -  (2 .2 .1 6 ) ,  but also the equations contain derivatives in 
only the coordinate d irection  and the application of the lin e  by 
lin e  TDMA in  a lte rn a tin g  d irections is  unnecessary. Once the 
governing equations fo r the rad iation  fluxes are solved, p a rt it io n ­
ing of the to ta l volumetric heat tra n s fe r ra te  between the gas and 
p a rtic le  phases is  accomplished by using the respective absorption 
c o e ffic ie n ts . For the gas phase enthalpy equation, the rad iative  
source term can be w ritten  as
«rg = Kag (Fx + Fr  x F 6  ’  V  (2 ' 2 ' 24)
Boundary Condition
A. Wall boundary condition: The follow ing assumptions are made
to define the boundary conditions a t the w alls.
1. The boundary is  opaque to rad ia tio n , th a t is  a l l  thermal
flu x  coming from the surface w il l  be due to e ith e r emis­
sion or re fle c tio n .
2. The boundary is  gray, th a t is ,  the em issivity o f the wall 
is  independent of the wavelength.
3. The boundary surface is  d iffuse  to emission or re flec tio n
in a l l  d irec tion .
Since the boundary surfaces are opaque to rad ia tio n , the f lu x  
balance equation may be w ritten  as
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Where a and a  denote absorption c o e ffic ie n t and Stefan-Boltzmann 
constant respective ly . The subscript n stands fo r the coordinate 
which is normal to the w all. U t iliz in g  the flu x  equations (2 .2 .1 3 )
(2 .2 .1 4 ) ,  the follow ing expression, which contains only the flux
sum F , can be obtained,
dF __n
dn
4a Za ctT
=  <2 ' 2- 26>
wall w
Since Eq. (2 .2 .2 6 )  is  a flu x  source term, consideration should 
be given in converting the flu x  source term into a volumetric 
source term.
B. Outgoing boundary condition without re flec tio n :
The outgoing boundary condition without re fle c tio n  can be set 
up in a s im ila r  fashion with the wall boundary condition. The 
f in a l expression is  w ritten  as:
(2 .2 .2 7 )dFdn
_ 1 c A 2a t 4J
= - r F/ r , T |
: i t  'e x i texH
Where T represents the sum of absorption and scattering  co e ffic ­
ie n ts , which is  assumed to be unity in th is  study.
2 .2 .5  Two Phase Solution Procedure
The overa ll flow  chart to  solve the two-phase model is shown 
a t Fig. 2 .2 .2 . The procedure is  outlined below:
1. The Eulerian gas f ie ld  is  solved w ith guessed p a rtic le
. . _ m c u r v j f hsource terms, i . e . ,  Sp , Sp , Sp and Sp .
2. The rad ia tio n  f ie ld  is  solved using the four flu x  method.
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and particle distribution
Fig. 2 .2 .2  Overall flow  chart of two 
phase model ca lcu la tio n
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3. The Lagrangian p a rt ic le  f ie ld  is solved with a represen­
ta tiv e  number of tra je c to r ie s  and the p a rtic le  source
term f ie ld  is calculated.
4. The gas f ie ld  is solved with the updated p a rtic le  source 
term f ie ld .
5. Steps 1-4 are repeated and ite ra tio n  continued until 
overall convergence is  achieved.
2.3  CONCLUDING REMARKS ON SINGLE AND TWO PHASE MODELS
In  th is  chapter, a b r ie f description of the gas-, p a r t ic le -
and two phase models are given. The solution algorithms used for
the comprehensive modeling of pulverized coal combustion, are also 
described.
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CHAPTER 3
NUMERICAL ALGORITHM DEVELOPMENT
This chapter deals with the solution methods of second-order, 
e l l ip t ic ,  non-linear p a r t ia l d if fe re n t ia l equations, using f in i te  
d ifference methods. When ve loc ity  components are the dependent
variab les , special a tten tio n  has to be paid to the calculation fo r
pressure which is  im p lic it ly  specified by the con tinu ity  equation. 
In other words, there is no d irec t equation fo r obtaining pressure. 
When the correct pressure f ie ld  is substituted into the momentum 
equations, the resu lting  ve loc ity  f ie ld  w il l  s a tis fy  the continuity
equation. This is the basic idea of the SIMPLE (sem i-im p lic it
method fo r the pressure linked equations)(Patankar and Spalding, 
1972), algorithm  which has been extensively used in  resolving the 
pressure-velocity  coupling in incompressible flow problems. The 
SIMPLE algorithm  does a fa ir ly  good job of correcting ve lo c ities  
v ia  a series o f continu ity  satis fy ing  ve lo c ity  f ie ld s , but does a 
rather poor job of correcting the pressure due to the approximation 
associated with the pressure correction equation.
Examples o f typ ica l algorithms th a t improve on the SIMPLE 
method are SIMPLER (SIMPLE Revised) (Patankar, 1980) and SIMPLEC 
(SIMPLE Consistent) (Van Doormaal and Raithby, 1984). In SIMPLER a 
pressure equation is  separately solved fo r ,  while in SIMPLEC a more 
accurate approximation fo r  pressure correction equation is  used. 
Recently Issa (1982) has proposed the PISO (p ressu re -im p lic it with 
s p lit t in g  operators) algorithm , which is  a non iterative  time march-
57
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ing procedure and has been shown to be superior to the SIMPLE 
method.
As a consequence of the need fo r more e f f ic ie n t  solution  
methods, the evaluation o f re la t iv e  performance of various solution  
methods has been performed (Latim er and Po llard , 1985). In section
3 .1  o f th is  chapter a ra ther systematic evaluation of the perfor­
mance of the time marching and/or i te ra t iv e  formulation of the 
SIMPLER, SIMPLEC and PISO algorithms has been presented fo r various 
incompressible steady flow problems. For high sw irling  flows, 
numerical convergence is s t i l l  a problem even fo r stable ite ra t iv e  
formulations as SIMPLER. In order to resolve th is  problem, a novel 
decomposition of the cen trifug al force term (or the sw irl term) 
appearing in the source term of the rad ia l momentum equation is  
proposed in  th is  chapter and is  described in Section 3.2.
3 .1  PRESSURE-VELOCITY COUPLING: COMPARISON OF THE PISO, SIMPLER
AND SIMPLEC ALGORITHMS
Since i ts  conception in 1972, the SIMPLE (Sem i-Lnplic it Method 
fo r the Pressure Linked Equations) algorithm of Patankar and Spald­
ing (1972) has been extensively used in  resolving the pressure-vel­
ocity  coupling in incompressible flow problems. Over the years, a 
number o f m odifications to the SIMPLE algorithm have been proposed 
(Raithby and Schneider, 1979; Patankar, 1980; Van Doormaal and 
Raithby, 1984) and have been shown to have b ette r convergence 
properties. The SIMPLER (SIMPLE- Revised) algorithm of Patankar
(1985) and SIMPLEC (SIMPLE-Consistent) algorithm of Van Doormaal
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and Raithby (1984) are examples of such modifications and appear to 
e x h ib it b e tte r  behavior than SIMPLE and its  other variants. More 
recen tly , Issa and co-workers have proposed the PISO (Pressure- 
Im p lic it  with S p litt in g  o f Operators) algorithm (Issa , 1982; Issa 
e t a l . ,  1986) which is  a n o n -ite ra tive  time-marching procedure and 
has been shown in  (Issa  and Gosman, 1986) to  be superior to the 
SIMPLE method. However, no d ire c t comparison between the PISO
algorithm  and the SIMPLER and SIMPLEC methods has been made. This, 
th ere fo re , is  the objective of the work presented in th is  section.
I t  should be mentioned th a t the primary in te re s t in th is
d isserta tion  is  on steady state resu lts . Results w ith the PISO 
algorithm have been calcu lated , as proposed in (Issa , 1982), by 
solving the time dependent equations. Steady state solutions with 
the SIMPLER algorithm  have generally been obtained by s ta rtin g  out 
with the steady s ta te  equations and then solving them by an ite ra ­
t iv e  procedure requiring under-relaxation of the f in i te  difference  
equations. This approach has been adopted here in obtaining the
steady state resu lts  with the SIMPLER and SIMPLEC algorithms. In
addition , to compare the ite ra t iv e  (w ith  under-relaxation) and time 
marching procedures fo r calcu lating  steady s ta te  solutions, repre­
sentative steady s ta te  resu lts  with the time marching formulations 
of the SIMPLER and SIMPLEC methods have been obtained. Differences 
between the two approaches are noted and pointed out.
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3 .1 .1  Solution Algorithms
Since the SIMPLE and SIMPLER algorithms are variants of the 
SIMPLE method, the SIMPLE algorithm w il l  be described f i r s t ,  fo l ­
lowed by the description of the SIMPLEC, SIMPLER and PISO algor-
%
ithms. In describing these algorithms, i t  is  presumed th a t the 
reader is  fa m ilia r  with the basic ideas and notations in the well 
known SIMPLE method o f Patankar and Spalding (1972, 1980).
The d if fe re n t ia l equation expressing the conservation of 
momentum in two-dimensions can be w ritten  as
§£ (p<J>) + V • (pu<)>) = -Vp + V • (rvp) + Sc + Sp 0  , (3 .1 .1 )
where <J> represents e ith e r u or v, T is  the d iffu s io n  co e ffic ie n t
and S + S <b is the linearized  source term. In  the Patankar- c p
Spalding method (1972, 1980), the domain is subdivided in to  a 
number o f control volumes, each associated with a grid  point. The 
scalar variables and pressure are stored a t the g rid  points while
the ve lo c itie s  are stored a t the staggered locations as shown in
Fig. 3 .1 .1 . The f in i t e  d ifference equations are obtained by in te ­
grating the momentum equations over each staggered control volume 
and expressing the variations of <|> in each coordinate d irec tio n  by 
su itab le  p ro f ile  approximations. The resu lts  in the d is c re tiza tio n
equations fo r u and v .M e n
Ca, *  pA V /it)ue = I  anb unb ♦ Ae(pp -  p£) *  Sc AV + < *§  u°, (3 .1 .2 )
Can a pAV/At)vp = I  anb vnb *  An(pp -  pN) *  Sc AV + v° ,  ( 3 .1 .3 )
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Fig. 3 .1 .1  Schematic of main and staggered control volumes.
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where the summation on the r ig h t side of equations (3 .1 .2 )  and 
( 3 .1 .3 )  is  done along the four neighbors (indicated by subscripts 
nb) and the superscript o denotes the previous time step values. 
The expressions fo r  the co e ffic ien ts  ag, an and a ^  depend on the 
choice of the p ro f ile  approximations in  each coordinate d irection .
Equations (3 .1 .2 )  and (3 .1 .3 )  represent the f in i t e  difference  
analog o f the unsteady momentum equations and the steady state  
resu lts  can be obtained by marching in time. Since, only steady 
state  solutions are of in te re s t, i t  is  not necessary to obtain 
converged resu lts  of the system of algebraic equations, a t each 
time step. Therefore, in th is  section, a t each time step, the 
co e ffic ie n ts  are calculated only once, based on the previous time 
step so lu tio n , and a p a r t ia l ly  converged resu lt of the system of 
equations is  obtained. At successive time steps, the results  
approach the steady state values. This approach, elim inates the 
need fo r  storing the dependent variab le  values a t the present and 
previous time steps and is  termed the Time-Marching procedure in 
th is  section.
An a lte rn a tiv e  approach, and one th a t is  commonly employed, is  
to  s ta r t  w ith the steady state  form of equations (3 .1 .2 )  and
(3 .1 .3 )  and to solve these equations in an ite ra t iv e  framework 
using under-re laxation . The under-relaxed d isc re tiza tio n  equations 
have the fo llow ing form
ae ( 1  *  ^  ue = 2  anb unb *  Ae(pP ‘  PE> + Sc iV
+ ¥  ae - e*  . (3 .1 .4 )
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(3 .1 .5 )
where X is  the under-relaxation fac to r and u * ,  v* ind icate resultse n
from the previous ite ra t io n . Successive solution of equations
(3 .1 .4 )  and (3 .1 .5 ) ,  w ith the co e ffic ie n ts  updated a t each ite ra ­
t io n , resu lts  in the steady state solutions. This approach is 
called  the Ite r a t iv e  procedure.
In comparing the time-marching formulation (equations (3 .1 .2 )  
and (3 .1 .3 ) )  with the ite ra t iv e  one (equations (3 .1 .4 )  and
( 3 .1 .5 ) ) ,  i t  can be seen th a t the unsteady term in equation (3 .1 .1 )  
and the under-relaxation practice  have s im ila r e ffec ts  on the 
f in i t e  d ifference equations. In  fa c t, equations (3 .1 .4 )  and
(3 .1 .5 )  w i l l  take the same form as equations (3 .1 .2 )  and (3 .1 .3 ) ,
i f  X were expressed by the equation.
1-X _ pAV
\ a — A.
I t  should be noted th a t X in equation 3 .1 .6  depends on ag, which in 
tu rn , depends on the v e lo c it ie s . Therefore, X in the time marching 
form ulation varies s p a tia lly  and evolves with the solution. In 
contrast, in the i te ra t iv e  form ulation, X is  a constant. As men­
tioned e a r l ie r ,  the two formulations w il l  be compared w ith each 
other. In  the discussion th a t fo llow s, the d iscretized momentum 
equations (equations ( 3 .1 .2 ) ,  (3 .1 .3 )  o r (3 .1 .4 ) ,  (3 .1 .5 ) )  are 
f i r s t  re-expressed ( fo r  convenience) as
X e At
or X = ae/ ( a g + pAV/At). (3 .1 .6 )
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ae ue = 2 anb unb + V PP '  PE> + be - (3 ' 1' 7)
an vn = 2 anb vnb + \ <PP '  PN> + be • <3' 1' 8)
SIMPLE Algorithm: For a guessed pressure f ie ld  p*, the ve lo c ities
u* and v* s a tis fy
a u *  = I  a . u *  + A (p* -  p *) + b , (3 .1 .9 )e e nb nb e r P r E e
a v *  = I  a . *  + A (p* -  p *) + b . (3 .1 .1 0 )n n nb vnb nVKP K!r  e
I f  equations (3 .1 .9 )  and (3 .1 .1 0 ) are subtracted from (3 .1 .7 )  and 
( 3 .1 .8 ) ,  the fu lly  im p lic it  ve locity  correction (u ',  v ')  equations 
are obtained as
ae ue = 2 anb unb + Ae^pP ” PE7 • (3 .1 .1 1 )
an vn '  2 anb vnb -1- W  -  P p  • (3 .1 .1 2 )
where u '  = u -  u*, v ' = v -  v* and p ' = p -  p*. (3 .1 .1 3 )
In the SIMPLE algorithm , the ve loc ity  correction equations are
obtained by dropping the 2 a ^  u ^  and 2 anb vnb terms on the rig h t
side of the equations (3 .1 .1 1 ) and (3 .1 .1 2 ) resulting  in
ue = ue* + de (p p " PE> and vn = vn* + dn(pP “ pfP 14}
A A
where de = ~  and dn = ~  • (3 .1 .15 )
a ae n
To obtain the pressure correction equation, equation (14) is  
substituted in to  the d iscretized  continuity equation fo r the con­
tro l volume around the main grid po in t, i . e . ,
(p -  p°)AV/At + p u A  - p u A  + p v A - p v A  = 0 .  (3 .1 .16 )'p '  Ke e e Kw w w Kn n n Ks s s v J
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
65
The resu lting  pressure correction equation has the following form 
(see Fig. 1 fo r  notation).
aPPP = aEpE + Vw + aNPN + aSPS + b ’ (3 .1 .1 7 )
where
ac = p A d , a .  = p A d , a = p A d .E Ke e e ’ w *w w w’ N Kn n n’
aS = psAsds . (3 .1 .1 8 )
ap = aE + ay + aN + aS » (3 .1 .1 9 )
b = (p° -  p )AV/At + [p u*A -  p u*A p Kp Kw w w Ke e e
+ p v*A -  p v*A ] (3 .1 .2 0 )Ks s s Kn n nJ v '
and u* denotes the previous ite ra tio n  value.
Before describing the SIMPLE algorithm , i t  should be pointed 
out th a t the penta-diagonal system of equations represented by 
equations such as ( 3 .1 .9 ) ,  (3 .1 .1 0 )  and (3 .1 .1 7 ) are solved by lin e  
by lin e  Thomas Algorithm in which repeated sweeps of the Thomas 
algorithm are performed in each coordinate d irection  u n til the 
correct solution to the system of equations is  obtained. As point­
ed e a r l ie r ,  since a t any step, the co e ffic ien ts  are te n ta tiv e  
(being n o n -lin ear), a very accurate solution to the system of 
equations is unnecessary and, in  the in te re s t of computations 
economy, is undesirable. Therefore, in  most of the cases reported 
here, only a few (1 or 2) sweeps o f the Thomas algorithm are per­
formed in each coordinate d irec tio n  before updating the c o e ffic ­
ients fo r the next step. In  th is  regard, the present approach may 
d i f fe r  from others in  which, a t  each time step or ite ra t io n , the 
Thomas algorithm sweeps are repeated u n til a pre-specified  residual 
c r ite r io n  is  s a tis fie d .
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The SIMPLE algorithm  consists of the follow ing steps:
1. Guess the pressure f ie ld  p*.
2. Solve the momentum equations (equations (3 .1 .9 )  and (3 .1 .1 0 )
to obtain u* and v*.
3. Solve p ' equation (equation (3 .1 .1 7 ))  and update pressure by
p=p*+\ p ' where A is an under-relaxation factor.
P P
4. Update ve lo c ity  u and v by the ve loc ity  correction equation
(3 .1 .1 4 ).
5. Repeat steps 2 to 4 u n til convergence (each step is  a time
step in the Time Marching formulation and an ite ra tio n  in the 
I te ra t iv e  form ulation).
SIMPLEC Algorithm: The SIMPLEC algorithm follows the same general
steps as the SIMPLE algorithm  with the primary difference being in 
the formulation o f the ve lo c ity  correction equation. In th is  
approach, u  ^ Z a ^  is  subtracted from both sides of equations 
(3 .1 .1 1 ) and the term Z anb^unb " ue^ on ri* 9 ^  sic*e 
equation is  neglected. A s im ila r operation is  performed on the v ' 
equation. The resu ltin g  ve lo c ity  correction equations have the 
same form as equation (3 .1 .1 4 )  but, with dg and dn redefined as
A A
de = I  S  . dn = I -------2------- . ( 3 . 1 . 2 1 )
a -  Z a , a -  Z a ,e nb n nb
The pressure correction equation is  exactly the same as described 
e a r l ie r  (equation (3 .1 .1 7 ) )  with the d’ s in equation (3 .1 .1 8 )  
computed from equations such as equation (3 .1 .2 1 ) rather than 
equation (3 .1 .1 5 ).
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The basic algorithm of the SIMPLEC method is  identical to the 
steps in the SIMPLE method but, with A  ^ in the pressure equation 
set equal to  1.
SIMPLER Algorithm : In developing the SIMPLER procedure, i t  was
recognized th a t the pressure correction equation in the SIMPLE 
algorithm , in  view o f the approximation th a t Z a ^  u^b = Z anb v^b 
s 0, was responsible fo r the slow convergence of the pressure 
f ie ld .  Thus a more suitable equation fo r  updating the pressure 
f ie ld  was derived. This was done by f i r s t  defining a pseudo-velo­
c ity  u and v as e n
Z a . u . + b  Z a . v . + bnb nb e nb nb n   .,up = ------------------------  and Up = ----------    (3 .1 .2 2 )
aQ ane n
Thus, equations (3 .1 .7 ) and (3 .1 .8 ) are re-expressed as
ue = °e + de (p P " PE) and vn = °n + dn (pP ‘  PN) ’ (3.1.23)
where dg and dn are defined by equation (15). Substituting equa­
tion (3 .1 .23) into equation (3.1.16) leads to the pressure equa­
tion:
apPp = aEPE + awPw + aNPN + asps + b , (3.1.24)
where a^, aw, a  ^ and a  ^ are given by equation (3 .1 .18), ap by 
equation (3 .1 .19) and b by equation (3 .1.20) with u* and v* re­
placed by u and v. Equation (3.1.24) is a better approximation 
than the corresponding p ' equation (equation (3 .1 .17)) in the 
SIMPLE method.
The SIMPLER algorithm can be described by the following se­
quence of operations:
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1. Using the currently availab le  ve locity  f ie ld  ca lcu la te  u, v
from equation (3 .1 .2 2 ).
2. Calculate co e ffic ien ts  o f the pressure equation (3 .1 .2 4 ) and
solve fo r the updated pressure f ie ld .
3. Using th is  pressure f ie ld ,  solve the momentum equation to
calcu late u* and v*.
4. Solve the p ' equation (equation (3 .1 .1 7 )) .
5. Correct the ve loc ity  f ie ld  by the velocity  correction equation
(3 .1 .1 4 ).
6 . Repeat steps 1-5 u n til steady state or converged solutions are 
obtained.
PISO Algorithm: The PISO algorithm, as proposed by Issa (1982), is
a time-marching procedure, in which during each time step, there is  
a predictor step and one or more corrector steps. Issa e t a l.
(1986) recommends th a t the equations be f i r s t  recast in an incre­
mental form in order to minimize the computing e f fo r t  and reduce 
storage requirements. For convenience in notation, converged 
solution at the previous time step is  denoted by a superscript n 
while the solutions a t the present time step are denoted by a 
superscript *  a t the predictor le v e l, * *  a t the f i r s t  corrector 
level and * * *  a t the second corrector leve l.
Equation (3 .1 .7 )  can be expressed im p lic it ly  as
ae “e = 2 anb “Sb + V e ?  -  Pe> + be t 3 - 1- 25)
and then, updated by
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ae ue*= I a nb u£b + W  '  PE> + be (3 - L 2 6 )
Subtracting (3 .1 .2 5 ) from (3 .1 .2 6 ) gives the increment equation
ue* = °e + de (pP " PE} ’ (3 .1 .27 )
where ^  = u* -  de (p£ -  p£) (3 .2 .1 8 )
and dg is  given by equation (3 .1 .1 5 ) . S im ilar equations can be
derived fo r u ** , v ** and v **. Equation (3 .1 .2 5 ) is the velocity  w n s
pred ictor equation while equation (3 .1 .1 7 ) represents the f i r s t  
corrector step fo r ve lo c ity . Substitution of equation (3 .1 .2 7 )  
into the con tinu ity  equation (3 .1 .1 6 ) leads to the pressure equa­
tion  which is  exactly of the same form as equation (3 .1 .2 4 ) with 
the u and v in the co e ffic ien ts  given by equations lik e  (3 .1 .28 )  
instead of equation (3 .1 .2 2 ). This equation is  the predictor 
equation fo r pressure.
The next set of corrector equations can be derived by expres­
sing equation (3 .1 .7 )  as
ae “* * *  = *  anb “nb* + V P p *  '  P |* ) + be (3 .1 .29 )
and subtracting equation (3 .1 .2 6 ) from the above equation. This 
resu lts  in  a second corrector equation fo r  ve lo c ity
u ***  = ue + de (p **  -  p ** ) , (3 .1 .30 )
where ug = u** + { I  anb(un* *  -  un* ) } / a e -  de(p* -  p *). )3 .1 .31 )
S im ilar equations can be derived fo r u ** * , v * * *  and v?**.w ’ n b
To derive the pressure corrector equation, equations of the 
form (3 .1 .3 0 )  are substituted in to  the d iscretized  continuity  
equation, and again a system of equations represented by equation
(3 .1 .2 4 ) is  obtained. This equation represents the pressure cor- 
rector equation.
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The PISO algorithm  can be described by the following steps:
1. Using the previous time step solution (u n, vn, pn) ,  calculate  
the co e ffic ien ts  of the momentum equations (such as equation
(3 .1 .2 5 ))  and solve th is  system of im p lic it  equations. This 
represents the pred ic to r step fo r ve lo c ity .
2. Using th is  predicted v e lo c ity , ca lcu la te  coeffic ien ts  of 
pressure equation (3 .1 .2 4 )  and solve fo r the pressure f ie ld .  
This is  the pred ic tor step fo r the pressure.
3. Correct ( f i r s t  corrector step fo r v e lo c ity ) the ve locity  f ie ld  
using e x p lic it  type equations such as equation (3 .1 .2 7 ).
4. Using the corrected v e lo c it ie s , ca lcu late  the co effic ien ts  of 
the pressure equation in the corrector step and solve the 
im p lic it  system o f equations to obtain an updated pressure 
f ie ld .
5. Using the corrected pressure f ie ld ,  re-evaluate the ve locity  
f ie ld  (second corrector step) using e x p lic it  type equations 
such as equation (3 .1 .3 0 ).
6 . March to  the next time step.
In  solving tu rbu len t flow  problems using the two-equation 
turbulence model (Launder and Spalding, 1972), the equations fo r  
the k in e tic  energy of the turbulence (k ) and i ts  d issipation rate  
(e ) are strongly coupled w ith each other and w ith the momentum 
equations. Thus to preserve the convergence properties of the PISO 
algorithm , a p red ic to r-co rrec to r operation in  each time step is  
proposed by Issa e t a l .  (1986). This s p lit t in g  operation is  essen­
t i a l l y  s im ila r to th a t described e a r lie r  fo r  the momentum equations
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with an im p lic it  p red ictor step and an e x p lic it  type corrector 
step. For other scalar variab les , which are linked to the momentum 
equation through the density or the source term, a two-stage PISO 
scheme has been employed, in which only a predictor step following  
the f i r s t  corrector step o f the momentum equation is  used to deter­
mine the value of the scalar variab le  a t each time step.
3 .1 .2  Results and Discussion
Results are presented fo r both the time marching and ite ra t iv e  
formulations w ith the in te n t of comparing the re la tiv e  performance 
of the two approaches. Four te s t problems are studied. Test 
problem 1  deals with the sudden expansion of laminar flow in a 
plane geometry. In te s t problem 2, isothermal turbu len t flow in an 
axisymmetric geometry w ith expansion a t the in le t  and contraction  
a t the e x it  is  examined. Test problem 3 considers reacting, s w ir l­
ing flow in an axisymmetric furnace configuration. The la s t te s t  
problem deals w ith laminar free  convection in  an externa lly  heated 
square enclosure w ith p e rfe c tly  conducting horizontal end w alls . 
Two grid sizes are used in  obtaining the resu lts ; a coarse 7 x 10 
or 7 x 12 g rid  and a f in e r  20 x 20 g rid . Calculations on a very 
fin e  g rid  (80 x 80) have not been made in view of the associated 
computational expense, and there fo re , resu lts  in  th is  section may 
not necessarily be v a lid  fo r  very f in e  grids. In discussing the  
resu lts , the re la tiv e  performances o f the various algorithms and 
the comparison between the time-marching and ite ra t iv e  formulations 
w il l  be examined. Results are obtained over a su itab le  range of
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re laxation  factors A in the ite ra t iv e  formulation and over a range 
of dimensionless time steps or in the time-marching
formulation. A ll results are driven to the same level of conver­
gence.
TEST PROBLEM 1: Sudden Expansion of Flow in a Plane Channel.
A schematic o f the tes t problem configuration is shown in Fig. 
3 .1 .2 . The equations of momentum and continuity  are solved in the 
cartesian coordinate system with symmetry conditions imposed along 
the v e rtic a l cen terline  and zero-gradient conditions a t the outflow  
boundary.
In comparing the PISO results w ith the ite ra t iv e  SIMPLER and 
formulation (F ig . 3 .1 .3 ) ,  the computing e f fo r t  with the PISO algor­
ithm is c le a r ly  lower for both a coarse (7x12) grid and a fin e r  
( 2 0 x2 0 ) grid  with a greater saving of computational e f fo r t  a t the 
f in e r  g rid  s ize . PISO is also superior to the ite ra t iv e  SIMPLEC 
formulation on the 2 0  x 2 0  grid  while two algorithms exh ib it com­
parable behavior on the coarse 7 x 12 grid  w ith SIMPLEC requiring  
s lig h tly  lower computing times. The SIMPLEC resu lts , fo r both grid 
sizes, generally e xh ib it lower computing time requirements than the 
SIMPLER solutions. When the ite ra t iv e  and time-marching SIMPLER 
and SIMPLEC formulations are compared, the SIMPLEC time-marching 
algorithm exh ib its  the best behavior. Converged results with the 
SIMPLER time-marching method are obtained only fo r small time 
steps. I t  should be mentioned th a t in making the aforementioned 
comparisons, the general trends of the p lotted  lines are compared 
rather than comparing the cpu seconds fo r a p a r t ic u lr  value along
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Fig. 3 .1 .2  Sudden expansion flow in a plane channel
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the abscissa (A. or dimension!ess tim e). I t  should also be noted 
th a t in  evaluating the performance of the various algorithms, both 
the computational e f fo r t  required and the range of A or At over 
which the algorithm exh ib its  low computational requirement, are 
considered. In th is  regard, methods which exh ib it a sharp dip in 
cpu seconds followed by a quick increase are not robust and stable  
methods.
To explain some of the observed behavior i t  should be noted 
th a t in the SIMPLER approach, the v e lo c itie s  are updated (equation  
(3 .1 .1 4 ))  based on pressure corrections obtained by neglecting I
anb unb anc* ^ anb vnb terms in t i^e u'  anc* v '  equations. Since 
these terms could be s ig n ific a n t, the SIMPELC algorithm improves on 
the v e lo c ity  correction formula by neglecting I  a ^  ( u 'b -  u ')  and 
I  anb ( v 'b -  v ')  instead. However, unlike the SIMPLER algorithm no 
separate equation fo r pressure is  solved, and therefore , neglect of 
the ve lo c ity  correction terms in the u ' and v ' equations is re f le c ­
ted in  the pressure equation (p=p*+p '). Thus, i t  may be surmised 
th a t in  the SIMPLEC method the ve lo c ity  corrections are closer to  
the true value w hile the pressure corrections are less accurate as 
compared to the corresponding values in  the SIMPLER algorithm. 
Keeping th is  in mind and noting th a t in  the SIMPLER method, an 
additional system of equation represented by equation (3 .1 .2 4 )  
needs to be solved, the d is t in c t  su p erio rity  o f one method over 
another in  a l l  possible cases, is  u n like ly .
PISO, on the other hand, appears to combine the advantages of 
the SIMPLER and SIMPLEC algorithms. The pressure predictor equa­
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t io n  in PISO is s im ila r to th a t in the SIMPLER method (equation 
(3 .1 .2 3 ))  while in the ve loc ity  correction equations (equations 
(3 .1 .2 7 ) and (3 .1 .3 0 ))  are be tte r approximations than those in the 
SIMPLER and SIMPLEC methods, since, no terms are neglected (as in 
the SIMPLER and even SIMPLEC approximation). Therefore, the solu­
tio n  is  l ik e ly  to converge fa s te r, even i f ,  PISO due to a larger 
sequence of operations per step, requires more computational e ffo r t  
in  each time step.
TEST PROBLEM 2 : Turbulent Flow in an Axi-Symmetric Geometry
The second te s t problem again deals with sudden expansion of 
flow but, fo r turbulent flow conditions in the axi-symmetric geome­
try  shown in Fig. 3 .1 .4 . A two-equation model fo r the turbulence 
is  used (Launder and Spalding, 1972), in which d if fe re n t ia l  equa­
tions fo r two additional scalar variab les, the k in e tic  energy of 
turbulence k and i ts  d issipation rate s are solved. As mentioned 
e a r l ie r ,  the s p li t t in g  operations recommended by Issa e t a l .  (1986) 
fo r the k and e equations are adopted here. To account fo r the 
near-wall viscous e ffe c ts , the conventional w a ll-func tion  method 
(Launder and Spalding, 1972) is used in th is  work.
Figure 3 .1 .5  presents the computing e f fo r t  requirements of the 
various algorithms and reveals essentia lly  s im ila r trends as ob­
served in te s t problem 1. The PISO and the SIMPLEC time marching 
algorithms e x h ib it the best behavior in  terms of the computing 
e f fo r t  required while the SIMPLER time marching formulation again 
exh ib its  reasonable behavior only fo r small time steps and over a 
small At range.
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Fig. 3 .1 .5  Comparison of computational e f fo r t  
fo r  the isothermal turbu lent flow
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While the comments pertaining to te s t problem 1 hold here, i t  
should be remarked th a t in the PISO algorithm the appropriate 
s p lit t in g  of the scalar variab le  equations ( fo r  k and e) into  
im p lic it  p redictor and e x p lic it  corrector steps is  found to be 
important in order to maintain a low computational e f fo r t .
TEST PROBLEM 3 : Sw irling , Reacting Flow in an Axi-Symmetric
Furnace
The geometry of interes is  shown in figure  3 .1 .6 . Methane is  
in jected  through the inner nozzle and sw irling  primary a i r  enters 
the furnace through the surrounding nozzle. Film cooling a i r  is  
in jected  through a port immediately below the outer furnace w a ll. 
The in le t  ve lo c ity  of methane is  adjusted to s a tis fy  overall s to i­
chiometry a t in le t .  The in le t  tangential ve lo c ity  of the primary 
a i r  is  characterized by the swirl number, S, defined as
2
<- _ f p u w r  dr 
f  pu2  r Rc dr (3 .1 .3 2 )
in le t
The furnace w alls are assumed to be adiabatic and impermeable. The 
d iffu s io n  flame and in f in i te  chemistry assumptions ( i . e . ,  fuel and 
oxygen cannot coexist a t the same place and a t the same time) are 
invoked. The flow is assumed to be laminar and steady.
With the aforementioned assumptions, a scalar variab le  m. can 
be defined as
m
mfx = " V u " - r  • ( 3 1 - 33)
where m^ x s a t is fie s  the convection-diffusion equation with zero 
source term. The density p is calculated using the ideal gas law,
i . e . ,
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The momentum equations are coupled to the equations fo r the mass 
fractions and enthalpy (o r temperature) through equation (3 .1 .3 4 ).
In  view o f the axi-symmetric nature of the problem |§  = 0.OD
Thus, the tangential v e lo c ity  equation has the same form as a
scalar variab le  with the coupling between th is  variable and the
2owmoment um equations e x p lic i t ly  appearing as a source term in the 
rad ia l momentum equation. The strength of th is  coupling is d ic ta t­
ed by the magnitude of the sw irl number.
In  Fig. 3 .1 .7 , resu lts  are presented fo r a low swirl number 
s=0.04 and ind icate  qu ite  c le a r ly  the superio rity  of the PISO 
algorithm  fo r g rid  sizes of both 20x20 and 7x10. Thus, a t low 
swirl numbers, when the d ire c t coupling between w and the radial 
momentum equation is weak, PISO as in  the e a r l ie r  two te s t problems 
continues to e x h ib it good convergence properties despite a single  
pred ictor step fo r  the sca lar variables (w, T, m^ x) as recommended 
by Issa (1986) in  the two-stage PISO scheme. The coupling between 
the scalar variab les and the momentum equations, through equation 
(3 .1 .3 4 ) ,  does not appear to have any adverse e ffe c t on the favor­
able performance o f the PISO algorithm.
I t  should be noted th a t unlike the e a r l ie r  two te s t problems, 
the SIMPLEC algorithm  on the 20 x 20 g rid , requires greater compu­
ta tio n a l e f fo r t  than the SIMPLER method in the ite ra t iv e  formula­
tio n  and vice versa in the time marching formulation. Both algor­
ithms exh ib it poor convergence properties compared to the PISO
method. While the sm aller cpu time obtained with the SIMPLER
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Fig. 3 .1 .7  Comparison o f computational e f fo r t  
fo r  reacting sw irling  flow in  a 
furnace, sw irl number S=0.04
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i te r a t iv e  algorithm  (compared to the SIMPLEC method) is in contrast 
with the observations in the e a r l ie r  te s t  problems, i t  is in keep­
ing w ith the previous agrument th a t since the p-updating scheme in 
SIMPLER is  more accurate but the u- and v-correction procedure 
involves a greater approximation when compared to the corresponding 
operations in  the SIMPLEC algorithm , consistent superiority  of one 
method over another is un like ly  to  be observed.
Figure 3 .1 .8  presents the results  fo r  the same problem but at 
very high sw irl number (S=3.5) so th a t there is  a strong coupling 
between the variab le  w and the other momentum equations through the 
source term. In th is  regard, the nature o f the coupling is d i f fe r ­
ent to th a t a t low swirl number where the primary coupling is  
through the density term or that in te s t problem 2  where the coup­
lin g  of k and e to  the momentum equations is  through the turbulent 
v is c o s ity , pt  term. Unlike the low sw irl number case (F ig . 3 .1 .7 ) ,  
PISO does not exh ib it very good convergence behavior requiring  
la rg er computing e f fo r t  to obtain steady state solutions as com­
pared to  the ite ra t iv e  SIMPLER algorithm  and requires nearly as 
much e f fo r t  as the SIMPLEC algorithm . This seems to indicate that 
when the momentum equations are strongly coupled to a scalar v a r i­
able (o r tangentia l ve lo c ity ) PISO algorithm  does not show robust 
convergence behavior with reasonable solutions obtained only fo r  
small time steps and over a small range o f At. To explain th is  
behavior i t  should be noted th a t the v e lo c ity  correction steps in 
the PISO algorithm  are e x p lic it  type equations and therefore , not 
unconditionally stable. In view of the e x p lic it  nature of these 
equations, i t  is  l ik e ly  tha t PISO tends to  become unstable as At is
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increased leading to la rg e r cpu seconds. To fu rther substantiate  
th is  view, i t  is  found that to obtain converged solutions with 
PISO, i t  is  necessary to solve the im p lic it  system of pressure 
equations as accurately as possible (both a t  the predictor and the 
corrector steps), since otherwise, errors in the p-solution grow 
rap id ly  with time steps. Since the solution to the system of 
equations is obtained by repeated sweeps o f the Thomas algorithm, 
i t  is necessary to increase the number o f sweeps o f the Thomas 
algorithm while solving the p-equation. Failu re  to do so leads to 
poor resu lts . These conclusions are fu rth e r corroborated in the 
next te s t problem which deals w ith enclosure convection and where, 
the coupling between the scalar variab le  (temperature) and the 
momentum equations is  so le ly  responsible fo r the f lu id  motion.
TEST PROBLEM 4: Free Convection in  an Enclosure
A schematic of the square enclosure considered with isothermal 
v e rtic a l w alls and p e rfe c tly  conducting horizontal w alls is  shown 
in  Fig. 3 .1 .9 . The flow  is assumed to be lam inar, two-dimensional 
and stationary. The working f lu id  is taken to be a i r  and is  as­
sumed to s a tis fy  the Boussinesq approximation. Results presented
4
are fo r a Rayleigh number (Ra) o f 10 .
The dimensionless y-momentum equation, in th is  problem con­
ta ins Ra-0 as a source term where 0 is  the dimensionless tempera­
ture . As mentioned e a r l ie r ,  i t  is  th is  coupling alone th a t is 
responsible fo r the convective motion. Results in Fig. 10 in d i­
cate, as expected ( in  view of the e x p lic i t  type corrector steps and 
the inherent s ta b i l i ty  re s tr ic tio n s  associated with these), the
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Fig. 3 .1 .9  Free convection in  an enclosure
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Fig. 3 .1 .10  Comparison o f computational e f fo r t  
fo r  free  convection in  an enclosure
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la rg e r computing e f fo r t  necessary with the two stage PISO algorithm  
as compared to the SIMPLER and SIMPLEC methods. The convergence 
behavior of the SIMPLEC algorithm is  noted to be s lig h tly  better  
than the SIMPLER method.
3 .1 .3  Concluding Remarks on Algorithm Comparisons
A comparative assessment has been made of the convergence 
behavior o f the PISO, SIMPLER and SIMPLEC algorithms. The follow ­
ing conclusions may be drawn.
1. For problems in which the momentum eguation is not coup­
led to a scalar variab le , the PISO algorithm c learly  
demonstrates robust convergence behavior and, in general, 
requires less computational e ffo r t  than the SIMPLER and 
SIMPLEC methods.
2. For the turbulent flow problem, in which the k-e model 
fo r  turbulence is  invoked, i t  is  necessary to have a 
two-step scheme (a predictor and a corrector step) for  
the scalar k and s equations to ensure superior perfor­
mance by the PISO method.
3. For scalar variables th a t are weakly linked to the momen­
tum equations, say through the density term, the two 
stage PISO algorithm exh ib its  good convergence behavior 
compared to  the other methods. However, fo r scalar 
variab les th a t are strongly linked to the momentum equa­
t io n , say through the source term as temperature, tangen­
t i a l  ve lo c ity  e t c . , PISO does not e xh ib it a robust behav­
io r  and gives acceptable results only fo r small time 
steps. Furthermore, to obtain converged solutions, i t  is
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necessary at each time step of the PISO algorithm to  
obtain accurate solutions of the im p lic it  system of 
pressure equations. The ite ra t iv e  formulations of the 
SIMPLER and SIMPLEC methods, in such problems, generally  
exh ib it b e tte r behavior than the two-stage PISO method.
4. I t  is  d i f f ic u l t  to ascertain a c lear sup erio rity  of 
SIMPLER over SIMPLEC and vice versa. In general, the 
ite ra t iv e  formulations of these methods are more robust 
than the corresponding time-marching formulations a l­
though exceptions ex is t. The time-marching SIMPLER 
algorithm , in p a rt ic u la r, exhibits rather inconsistent 
behavior.
3 .2  IMPROVED SOURCE TERM DECOMPOSITION FOR SWIRLING FLOW CALCULA­
TIONS
Sw irling flows are commonly encountered in pulverized coal 
combustor applications. The governing d iffe re n tia l equations fo r  
these flows, as noted e a r l ie r ,  are the continuity and the Navier- 
Stokes equation, and in the numerical calcu lation  of such flows, 
two factors have an important e ffe c t on the convergence character­
is t ic s  o f the numerical scheme. The f i r s t  is the pressure-velocity  
coupling, and the method used to resolve th is  coupling. This issue 
has been addressed in  the preceding section. The second is  the 
coupling between the momentum equations through th e ir  respective  
source terms. Methods to e f f ic ie n t ly  resolve the source term 
coupling between the momentum equations have not been given the
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same degree of a tten tio n . However, in sw irling  flows, the source
2
terms, and in p a rt ic u la r, the cen trifug al term pw / r  in the rad ia l 
momentum equation become important, and i f  the source term coupling 
is  not properly addressed, rather poor convergence characteris tics  
of the numerical scheme is noted. The objective of th is  section is  
to  present a source term decomposition technique fo r the rad ia l 
momentum equation which greatly  enhances the convergence properties  
of the calcu lation  method and thus reduces the computational time.
3 .2 .1  Governing Equations
The governing d if fe re n t ia l  equations fo r steady, laminar,
axisymmetric, incompressible flow  can be w ritten  as
Continuity: + 2  = o , (3 .2 .1 )J dx r  d r  r  30 ’
-*• 2  
Axial momentum: p u • Vu = -  |E  + p[5_y + I  |_  ( r  |H ) ]  f ( 3 . 2 . 2 )
3x
-> 2
Radial momentum: p u • Vv = -  ^  + u[^—^  + -  f -  ( r  | ^ ) ]K d r  2  r  9 r  '  3 r /J
o X
+ , (3 .2 .3 )
r
-*■ 254 w  1 o  j j j .
Tangential momentum: p u • Vw = p[— = + -  —  ( r  r - ) ]
ax r  3 r  3 r
. (3 .2 .4 )
r
In  d iscre tis in g  the above equations, the control volume based 
f in i t e  d ifference procedure described by Patankar (1980) is used. 
In  th is  procedure, the domain is  subdivided in to  control volumes 
each associated w ith a grid  point (F ig . 3 .2 .1 ) . The momentum
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
92
equations are then integrated over each control volume, and by 
using Green's theorem and p ro f ile  approximations in each coordinate 
d ire c tio n , the a x ia l,  rad ia l and tangential momentum equations can 
each be reduced to the follow ing system of algebraic equations, 
(a p -  SpAVp)<|>p = aE<t>E + a ^  + aN<J>N + a ^  + Sc AVp (3 .2 .5 )
or ap<t>p = I  anb 0>nb + Sc AVp , (3 .2 .5 )
where <J> represents e ith e r u, v or w, and ap , aE, a^, aN and as are 
the corresponding convection -  d iffusion  coe ffic ien ts  th a t depend 
on the nature o f the p ro f ile  approximation made in each coordinate 
d irec tio n . The terms and Sp arise from a source term lin e a ris a ­
tio n  as S = Sj. + Sp <J)p, and AVp is the volume of the control volume 
fo r the grid  po in t P. Equation (3 .2 .5 )  is  re -w ritte n , in a more 
compact form, as equation (1 3 .2 .5 )  where the subscript nb refers to 
the four neighbors of the grid  point P ( i . e . ,  E, W, N, and S in  
Fig. 3 .2 .1 )  and the summation is  done over these four neighbors The 
system of algebraic equations (eqn. (3 .2 .6 ) )  is  solved ite ra t iv e ly .  
G enerally , i t  is  necessary to use an under-relaxation factor \  to  
obtain converged solutions. At high sw irling  rates, rather low 
values of A's have to be used to prevent the solution from diverg­
ing.
The la s t two terms in eqns. (3 .2 .3 )  and (3 .2 .4 )  are the source 
terms o f the rad ia l and tangential momentum equation respectively. 
The most lo g ic a l, and commonly adopted, decomposition of these 
source terms a t any grid  point P (see Fig. 3 .2 .1 )  are,
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/  0,2Pp(wp) Pp
Sr  = ------------  , Sp   5  in the v-equation (3 .2 .7 )
P - rv P
0 0
Ppvpwp Pp
Sr  = ----------  , SD   5  in the w-equation (3 .2 .8 )
P r P
where superscript 0  denotes the current variab le  value in storage. 
As noted e a r l ie r ,  the decomposition in equation (3 .2 .7 )  can lead to 
poor convergence behavior and even divergence a t high swirl rates. 
An improved source term decomposition method is suggested next.
The method proposed in th is  technical note uses a corrector 
form of the d iscretised  tangential momentum equation,
PpWpVp
aP “ p “ 1  anb wnb r^-  4vP (3 - 2 ' 9)
to express the source terms in the rad ia l momentum equation. I f ,  
a t any ite ra t io n , the ava ilab le  solution ( in  storage) o f the im p li­
c i t  system of equations (3 .2 .9 )  is  denoted by a superscript 0 , then 
a correction to w can be w ritten  as,
n 00 Pp wp vp
I  a . w . ----- -— -— -  AVnb nb r  p
P
wp = -----------------    . (3 .2 .1 0 )
aP
I f  equation (3 .2 .1 0 ) is substituted fo r wp in the discretised  
source term of the rad ial momentum equation, the r ig h t hand side of 
the equation below (eqn. 3 .2 .1 1 ) resu lts . This expression has been 
w ritten  is  in  the desired lin earized  form of S^ . + Sp vp, i . e . ,
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Thus, the f i r s t  square-bracketed term in equation (3 .2 .1 1 ) is taken
to be the S^ . term, while the second square-bracketed term with the
negative sign is the Sp term of the rad ia l momentum equation.
I t  should also be noted, th a t in the calculation procedure 
described in Patankar (1980), the location o f the axia l and radial 
v e lo c itie s  are staggered, as shown in Fig. 3 .2 .1 . This is  done in 
order to avoid checkerboard ve lo c ity  and pressure f ie ld s . There­
fo re , the storage location of the tangentia l and rad ia l ve lo c ities  
are d if fe re n t , and to evaluate the tangential ve lo c ities  on the 
r ig h t hand side of equation (3 .2 .1 1 ) ,  i t  is  necessary to interpo­
la te . In obtaining the results  shown in th is  section, i t  is found
advantageous to stagger the location of w in  the rad ia l d irec tio n , 
so th a t w and v are stored a t the same location . With th is  prac­
t ic e , in te rp o la tion  is  not necessary in  evaluating the source 
terms, and th is  approach is ,  th ere fo re , used in the present work.
3 .2 .2  Results and Discussions
The performance of the source term decomposition in equation 
(3 .2 .1 1 ) is  examined by comparing the resu lts  with those obtained 
by using the conventional source term decomposition in equation 
(3 .2 .7 ) .  For th is  purpose, the te s t problem of isothermal flow in 
an axisymmetric sudden expansion (F ig . 3 .2 .2 )  is  chosen. Slug flow  
is assumed a t the in le t  w ith a uniform sw irl ve lo c ity  characterized
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by a sw irl number S defined as
r r
S = [J qIN p u w r^ d r/Jg *N p r  Rc d r] in le t  ’ (3 .2 .1 2 )
where r ^  is  the in le t  opening radius. Results are obtained for a 
low (S = 0 .5 ) and a high (S = 2 .0 ) value of the swirl number.
Calculations are made w ith a 10 x 30 g rid  on an IBM 3084 
machine. Ite ra tio n s  are continued u n til the follow ing residual 
convergence c r ite r io n  is  s a tis fie d
where r y is  the Eucledian norm of the residual fo r u, and is  
defined as
The outer summation in the above equation is  performed over a l l  the 
control volumes in the domain.
Results are presented in Fig. 3 .2 .3  fo r  S = 0 .5 , and in Fig.
3 .2 .4  fo r S = 2 .0 . The computational e f fo r t  expressed as the
number of ite ra tio n s  (shown on the vertic a l le f t  a x is ), and the CPU
time in seconds (shown on the v e rtic a l r ig h t ax is ) are plotted  
against the under-relaxation  fa c to r A.
At low sw irl rates (S = 0 .5 ) ,  both the conventional source 
term decomposition (eqn. ( 3 .2 .7 ) ) ,  and the source term decomposi­
tio n  recommended in  th is  section (eqn. (3 .2 .1 1 ))  exh ib it s im ilar  
behavior (F ig . 3 .2 .3 ) .  However, at the higher sw irl rate (S = 
2 . 0 ) ,  the advantages o f the recommended source term decomposition
(eqn. (3 .2 .1 1 ) )  are c le a r ly  evident. A fiv e  fo ld  decrease in
computational e f fo r t  is  obtained w ith  the source term decomposition
(3 .2 .1 3 )
(3 .2 .1 4 )
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Fig. 3 .2 .3  Comparison o f computational e f fo r t  
fo r swirl number S = 0.5
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proposed in equation (3 .2 .1 1 ) . More im portantly, the solution  
algorithm exh ib its  stable convergent behavior over a wide range of 
under-relaxation factors ( fo r  A nearly up to 0 . 8 ).
Based on the aforedescribed comparisons, i t  is recommended 
that in  sw irlin g  flows the source term decomposition in equation
(3 .2 .1 1 )  should be used. A considerable decrease in  computational
e f fo r t  is obtained, i f  done so.
3 .2 .3  Concluding Remarks on Source Term Decomposition Method
A source term decomposition method is proposed, and shown to  
be com putationally advantageous in  highly sw irling flows. The
proposed method uses a corrector form of the tangential momentum
equation to decompose the source terms of the rad ia l momentum
equation.
3.3 CONCLUDING REMARKS ON NUMERICAL ALGORITHM DEVELOPMENT
This chapter provides an evaluation of the re la tiv e  performan­
ces of numerical algorithms to resolve pressure-velocity coupling
such as PISO, SIMPLER and SIMPLEC. A source term decomposition 
method is  developed, which is shown to be computationally advantag­
eous in  high sw irling  flows.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 4
GAS PHASE TURBULENT REACTIONS-MODELING OF 
NONEQUILIBRIUM EFFECTS
As mentioned in Chapter 1 , UlUiS ua sic problem in  modeling 
gaseous turbu lent reactions l ie s  in the proper closure of the 
turbulent co rre la tion  terms, th a t a rise  in time-averaging the 
non-linear chemical reaction source terms. Most turbulent combus­
t io n  models circumbent th is  d i f f ic u lty  by ignoring the chemical 
k in e tic  aspects of the problem and model the reaction using turbu­
le n t mixing as the rate  l im itin g  step. In other words, chemical 
equilibrium  is  presumed. However, the fa s t chemistry assumption is  
not va lid  fo r  many p rac tica l s ituations and nonequilibrium effec ts  
such as flame extinc tion  or quenching, minor species formation and 
slow chemical reactions, play an important ro le . In such s itu a ­
tio n s , both chemical k inetics  and turbulent mixing should be con­
sidered.
In  th is  chapter, a non-equilibrium  turbulent reaction model is 
developed is  to  model flame extinction  phenomena encountered in 
in tensive , nonpremixed turbulent combustion. This model is  called  
the modified perturbation model and is described la te r .
4 .1  NON-EQUILIBRIUM MODELS FOR LOCAL FLAME QUENCHING IN
INTENSIVE TURBULENT REACTIONS
In the modeling o f non-premixed reacting flows, chemical
100
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equilibrium  is  generally assumed leading to the popular " fas t 
chemistry" models. In  such models, a conserved scalar £ is  de fin ­
ed, and species mass fractions Y. and enthalpy h can be shown to be 
instantaneously re la ted  to |  alone, i . e . ,  Y . ( | ) ,  h ( | ) .  Therefore, 
i f  the time-averaged value |  and the variance are computed 
using balance equations, the time averages fo r other scalar quanti­
t ie s  can be simply determined as mentioned in section 2 . 1 ,
yi = /J  Y .(S ) p (4 ) d| (4 .1 )
where p (£ ) is an assumed p robab ility  density function fo r | .
However, i t  is  well known th at most non-premixed flames are 
characterized by local non-equilibrium effects  (Brzustowski, 1980; 
Kalghatgi, 1981), and fo r re a lis t ic  predictions, the fa s t chemistry 
model should be extended to account fo r local quenching and non­
equilibrium  behavior. The primary objective of th is  section is to  
present a simple model to pred ict the departure from equilibrium  in  
turbulent non-premixed flames.
A number of models have been proposed th a t incorporate non­
equilibrium  or local quenching e ffec ts . Peters and co-workers 
(Peters and W illiam s, 1983; Janica and Peters, 1982) have assumed 
th a t the turbulent non-premixed flame is made up of an ensemble of 
laminar flam elets subjected to the e ffects  o f s tretch  and s tra in  
due to the turbulent flow f ie ld .  They further assume th a t when the 
local ra te  of s tra in , characterized by a scalar d issipation  rate x , 
exceeds a c r i t ic a l  value x^, local quenching occurs. However, 
considerable uncertainty exists regarding the value o f x^ and how 
i t  should be calculated. Liew e t a l.  (1984) have also assumed a
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stretched laminar flam e!et to represent the microscopic element in
the tu rbu len t flame. However, th e ir  model has provisions fo r the
incorporation of r e a lis t ic  chemistry, w ith local conditions a t any
point described by any one of a fam ily  of flam elets whose members
are distinguished from each other by the value of x a t the maximum
temperature x , and therefore in each flam e!etmax
Yi = Y i^ >  w >  <4 - 2>
The functional re lationship  in  equation (4 .2 )  can be obtained, fo r  
example, from measurements. Time averaged values are calculated by 
assuming s ta t is t ic a l  independence of 4  and xmax an<^  assuming that 
fo r  xmax > xq equation (4 .2 )  is  replaced by the frozen mixing
re la tio n sh ip . In the work of Liew e t a l .  (1984), only a single
value of x = 0  corresponding to undisturbed flam elet burning is
u l aX
chosen from the range of possible values fo r  xmax (between 0  and 
xq) and experimental data of Michell e t a l. (1980) is used to 
describe Y. = Y .(4 ,0 ) .  Comparisons have been reported with the 
open je t  flame data o f Hassan e t a l .  (1980).
Chakravarty e t a l. (1984) have formulated a quenching c r i te r ­
ion based on the notion of s ig n ific a n t premixing a t the base of the 
flame. Extinction  is  assumed to  occur when the volumetric in te r ­
d iffu s io n  ra te  between adjacent burnt and unburnt Kolmogorov vor­
t ic e s  exceeds the ra te  of chemical reaction.
B ilg er (1979), in order to  p red ic t non-equilibrium e ffe c ts , 
has derived an equation fo r the average departure from equilibrium  
of a species, y . . This equation has a pos itive  source term repre­
senting the production of non-equilibrium  m aterial due to mixing 
and a negative source term w. due to chemical reaction. B ilger
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(1980) has used the method fo r predicting the non-equilibrium  
behavior in  ozone/NO^ reactions in  photochemical smog and in hydro­
gen -a ir combustion. For these two reactions, B ilger has expressed 
the chemical reaction source term as
Wf = -  p kyni (4 .3 )
Thus, w ith n = 1 (B ilg e r , 1980), the calcu lation  of mean chemical 
reaction term w. is  straightforw ard and the need fo r  additional 
modeling o f covariances and t r ip le  correlations (Borghi and Dutoya, 
1979) is obviated. However, equation (4 .3 )  w il l  apply only fo r  a 
lim ited  number of reaction  systems, and in general, the problem of 
specifying w remains.
In  th is  chapter, the perturbation method of B ilg er is extended 
by proposing an approximate, but simple, method to ca lcu late the 
time-averaged source term in the perturbation species equation y . .  
Calculations have been made using th is  method fo r the e l l ip t ic ,  
reacting flow  (natu ra l g a s -a ir  nonpremixed flame) configuration
experim entally studied by Lewis and Smoot (1981).
4 .2  MODIFIED PERTURBATION MODEL
The steady s ta te  governing equations fo r  species mass fraction  
Y. ,  with the assumption o f equal molecular d if fu s iv i ty ,  can be 
w ritten  as
aYi a aYi
0  UD 3^7 -  517 ( P D 5JT > '  “ i  ( 4 ' 4)
P P P
Following B ilg e r (1979, 1980), the mass fra c tio n  Y. is  f i r s t  ex­
pressed as
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Yj = y ! ( | )  + y . (4 .5 )
0 , ,
where is  the equilibrium  value and y . is  the departure of the 
species from equilibrium . Substituting eqn. (4 .5 ) in to  eqn. (4 .4 )  
leads to
a y , -  a  a y . .  - a f  d 2 Y *
p " p S ' S < p D S ) = “ i , p D 8 xp 9xp 7 '  C 4 ' 6 )
The source term (r ig h t  hand side o f eqn. ( 4 .6 ) )  is made up 
o f the chemical reaction ra te  and the production o f non-equilib­
rium species due to  mixing. Time averaging both sides of the 
equation resu lts  in
 a y . -  a  a y . -  -  d 2 v ®
p up S T  ‘  S T  (p Dt  } = wi + 3 5  p x ~ r  <4 - 7)
P P p
where the sca lar d issipation  ra te  is  defined as
x = 2 ° | -  a t  (4 .8 )
p p
In  obtaining eqn. (4 .7 )  from eqn. ( 4 .6 ) ,  the commonly invoked
assumption th a t the turbulent scalar flu x  u’ y'. can be modeled with
P 1
3yia gradient hypothesis is  made, i . e . ,  -  u' y ‘. ~ D. t— , where D. is
p i  L O X -  t
P
the turbu len t d iffu s io n  c o e ffic ie n t and is  calculated based on the 
two equation (k -e )  model fo r turbulence.
In  th is  section , instead o f specifying w. by using eqn. (4 .3 )  
(as in B ilg e r, 1980) or by a more complicated form involving covar­
iances and t r ip le  corre lations (as in  (Borghi and Dutoya, 1979)), a 
somewhat d if fe re n t  approach is  adopted. For fast reactions Y. = 
Y .(£ ) ,  and B ilg er (1975) has shown th a t w. can be w ritten  as
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However, in a la te r  paper, B ilger (1977) has em pirically  demon­
strated the v a lid ity  eqn. (4 .9 )  fo r moderately fast reactions.
Further v e r if ic a tio n  of eqn. (4 .9 )  is  provided by the data of 
Fenimore and Fraenkel (1981) who determined the formation o f fixed -  
nitrogen species in d iffusion  flames.
I f  eqn. (4 .9 )  is  used, the source term in eqn. (4 .7 ) can be 
expressed as
d2 Y*(4) d2 Y .(4 )
S = % p x ( -------2 --------------- 2  }
y d | d r
_ d2 Yf(4 d2 Y .(4 )
= J 0  P x ( — I ---------------^ 2 —  ) P?x (4 ,x )  d4 dx (4 .1 0 )
I t  is  common to assume that x and 4 are s ta t is t ic a l ly  independent
(Peters and W illiam s, 1983; Liew e t a l . ,  1984; B ilg er, 1979), and
therefore p* (4 .x )  = Pj.(4) Py( x ) .  Equation (4 .1 0 ) thus becomes 
_ _ .. d2 Y® d2 Y .(4 )
Sv = 35 P X ^ 0  (  H V "  > Pp W (4-n)y u d4 d44  *
I f  the functional relationships Y®(4) and Y .(4 ) were known, can 
be determined by assuming the p ro b a b ility  d is trib u tio n  function  
p^(4). A Gaussian d is trib u tio n  is  assumed fo r p^(4) as described 
in  section 2 . 1 .
The equilibrium  d is trib u tio n  Y®(4) is  well known and is  given
by
Y®(4) = H(4 -  4S) a  ~ 4s) / d  “ 4S) (4 .1 2 )
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where H is the Heaviside function and Y. 1 denotes the Y. value in
1 , .L 1
the fuel stream (4 = 1). I f  no chemical reactions occur, condi­
tions are described by in e rt mixing and the mass fra c tio n  yT(4 ) is  
given by
Y-U ) = Ym  • 4 (4.13)
Both the Y®(4) and yT(4) distributions are shown in Fig. 4.1. 
The Y .(4) distribution is governed by kinetic considerations
p ■f
but must l ie  between the Y.j(4) and Y^ -(4) distributions. Below a 
lower lim it for 4 (4p) and above an upper lim it (4U), no chemical 
reaction is expected to occur since in very lean or very rich 
mixtures a steady deflagration wave cannot be maintained. At 
stoichiometry, from chemical kinetics consideration alone, chemical 
equilibrium must exist. I f  for < 4 < t s and 4S 1 4 1 4U> a
linear Y. ~ 4 relationship is assumed then the Y-(4) distribution
is completely specified as
v 1( 4 ) = Y1 1 4 for o < 4 <
= y i , l  k  <-k '  ^ /(k  ■ V  f o r  k  1 5 < ts (4 .1 4 )
V i )  = Yi , l  f o r  S s i ^ i u
Vi (4) = Yj , I 5 f o r J u < | < l
The Y-(4) distribution is shown by dotted lines in Fig. 4.1. Using 
eqns. (4.12) and (4 .14), the time averaged source term (eqn. 
4.11)) can be evaluated as
sy = % p x c(s6i - s^) p5 ees) + (=„2 - sni> p5 (eu) -
(s n2 ■ =03) h ‘  ( %  •  sn3> Pj (4 ' 15)
where s , s. , s_ , s_ , s and s_ are the various slopes of 
1 2 nl  2 3 4
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the s tra ig h t lin e  segments in Fig. 4 .1 . , i . e . ,  
se i = Yi , l / ( 1  '  y -  se2  = 0
Sn1  = sn4  = Yi , l>  sn2  = Yi , l
sn = - ' i , i W - y  <4 - 16>
For x, balance equations proposed by Borghi and Dutoya (1979) and 
Launder and Elgobashi (1981) can be solved. However, rather l im i t ­
ed testing  o f these proposals have been made and therefore , the 
introduction of an additional modeled equation is  unwarranted.
Rather, x is  obtained from the two equation moel of turbulence as
(Liew e t a t . ,  1984; Chakravarty e t a l . ,  1984)
x = C V ' 2 k/c (4 .1 7 )
where C = 2 .0
92
Some additional comments should be made on the features of the
—  2  
model. I f  |  = 4S, increasing the scalar d issipation rate  from 4 j
(curve 1 in Fig. 4 .2 )  to (curve 2 ) ,  results  in a portion of the
curve fa l l in g  below the lower l im it  leading to higher S values
*  __  y
2
and lower flame temperatures. Further increases to £ 3  (curve 3) 
extends the curve to beyond 4 U thus promoting the non-equilibrium  
behavior. However, fo r 4 = 4s^ f t  (nearly  mid-way between 4^ and 
4u) ,  the 4^ curve (curve 4) f a l ls  between the lower and upper 
l im its , and thus compared to curve 2 , the p ro b ab ility  of burning 
and therefore the flame temperature is  higher. However, compared 
to curve 1, curve 3 y ie ld s  lower flame temperature because of 
smaller pt (4 ) values. This conforms with the behavior reported by
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Liew e t a l .  (1984) where, with increasing scalar dissipation rate
2
(~  4 " ) ,  the peak temperature decreases and occurs a t a higher
value of 4  ( = £max)- At a c r i t ic a l  value of the scalar dissipa­
tio n  ra te  x^, extinction  occurs. Liew e t a l. (1984) report a value
of 0.19 fo r  4 „ a t  x = x .^max q
To complete the model, the lower and upper lim its  4^ and 4U 
have to  be specified . Although determination of universal values 
or functions fo r  4 ^ and 4 U is  not straightforw ard, reasonable 
choices may be made using empirical inputs and the concept of 
flam m ability  in premixed flames, since, even fo r non-premixed 
systems, the formation o f lo c a lly  flammable mixtures of fuel and 
a i r  is  required fo r  reaction. In  the absence of stretching effects  
(x = 0 ) ,  the lower and upper lim its  of flam m ability (0.025 and 0.1  
fo r the natural gas-a ir flame o f in te re s t in th is  study) are lo g i­
cal choices fo r t n and 4 • However, fo r  turbulent flows, the flame 
is  subjected to stretching e ffe c ts ; the influence of stretch ing, 
based on arbuments and the study reported by Liew e t a l. (1984), is 
to increase 4^ anc* 4U- (Liew e t a l . ,  1984), a value o f 0.19 is 
reported as the 4  value a t which quenching or frozen mixing occurs. 
Therefore, in  th is  study s e n s it iv ity  studies have been made byr 4U 
in  the range of 0.2 -  0 .4  and fo r  4£ in  the range of 0.03 -  0.035.
Fig. 4 .3  plots the expected d is trib u tio n s  fo r  (eqn. (4 .1 5 ))  
and y . as a function of 4- This behavior can be better understood 
by examining the state of a fuel packet along i ts  tra jec to ry . As 4 
decreases from 1  (a t  the in le t ) ,  non-equilibrium  e ffe c t increases. 
At 4 = Cu» Sy has a local peak due to the contribution from the 
second term in eqn. (4 .1 5 ). As the fuel packet approaches the
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flame fro n t and £ approaches the f i r s t  term (p o s itiv e ) and the
th ird  term (negative) in eqn. (4 .1 5 ) become increasingly important
and the net e ffe c t is  th a t decreases to zero and atta ins a
negative peak a t £ . Negative S values reduce y . from a positives y I
maximum y . as expected when the fuel packet approaches the 
1 ) max
flame fro n t. Beyond % = the fourth term in eqn. (4 .1 5 ) becomes
increasingly dominant and becomes positive  a t £ = a tta in in g  a
pos itive  local maximum a t £ = This triggers  an increase in  y -.  
However, past the flame fro n t a s ig n ific a n t increase in  "y". of the 
nearly -  burnt fuel packet is physically  u n rea lis tic  but, i f  x is  
s u ff ic ie n t ly  high, ( fo r  |  > |^ )  may be large enough (due to the 
fourth term in eqn. (4 .1 5 ))  to  y ie ld  high y- predictions. There­
fo re , i t  is  assumed th a t fo r  |  the mean source term is  repre­
sented only by the f i r s t  and th ird  terms in eqn. (4 .1 5 ). This is  
tantamount to the assumption th a t beyond the flame fro n t, say in  
the slow rec ircu la tio n  region in  the upper corner of the combustor, 
production of net non-equilibrium fuel species y . due to in e rt  
mixing does not occur.
4 .3  SOLUTION SCHEME
The solution scheme of the governing equations fo r turbulent 
d iffus ion  flames using equilibrium  fa s t chemistry models have been 
described in  a number o f e a r l ie r  references (see (B ilg e r, 1976)) 
fo r example) and therefore a deta iled  discussion is  not provided 
here. Turbulence is  modeled using the two-equatin (k -s ) model fo r  
turbulence and rad ia tion  e ffe c ts  have been neglected. Equations 
solved are those of the time averaged axia l and radial ve lo c ities
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(u ,v ) ,  k in e tic  energy of turbulence (k )  and its  dissipation rate
— 2
(e ) ,  time averaged mixture frac tion  ( 4 ) and its  variance ( 4 " ) and
the time averaged departure from equilibrium  of the fuel species
(y.j)- Each of these equations can be expressed in the form
V • (p y ?) = V • ( f^  V 0) + (4 .18 )
where <)» represents the general dependent variab le , and and
are the e ffe c tiv e  d iffusion  c o e ffic ien t and the source term respec­
t iv e ly  fo r <{>. The solution technique is  also described in deta il 
in Chapter 2.
The mean equilibrium  mass fraction  fo r the fuel species Y® can
be calculated from 4 , 4 "^ and p ( 4 ) by
Yf = Y?(4) P (4 ) d4 (4 .19 )
where p (4 ), as mentioned e a r l ie r ,  is  assumed to be Gaussian with
— 2  mean 4 and variance 4" • The mean non-equilibrium value is obtain­
ed by adding to equation (4 .1 9 ). The mean non-equilibrium value 
fo r other major species is  obtained by defining a mean reactedness 
as
r = (Y. -  Yt) /  (Y? -  ?!) (4 .20 )
A 20 x 20 non-uniform mesh is  used in most of the calcula­
tions. Based on prelim inary ca lcu lations, the grid point d is trib u ­
tio n  is  arranged to be denser in regions of large gradients. 
Results on th is  mesh compare w il l  with those of a f in e r  mesh and 
overa ll conservation is  s a tis fie d  to less than 1 %.
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4 .4  RESULTS AND DISCUSSION
As mentioned e a r l ie r ,  predictions have been obtained fo r the 
experimental configuration studied by Lewis and Smoot (1981). A 
schematic o f th is  configuration is  shown in Fig. 4 .4 .
The cen terlin e  oxygen mole fra c tio n  predictions are shown in 
Fig. 4 .5  together w ith the measured values and the axia l distance 
along which a v is ib le  flame was observed. As may be noted, the 
predictions with the non-equilibrium  model exh ib it reasonable 
agreement w ith the data while the corresponding fa s t chemistry 
equilibrium  predictions s ig n ific a n tly  underestimate the centerline  
oxygen mole fra c tio n . The experim entally observed penetration  
to  the cen te rlin e , and the in a b i l i ty  of the fa s t chemistry eq u ilib ­
rium models to co rrec tly  p red ic t th is  has been noted and reported 
e a r l ie r  (Liew e t a l . ,  1984; Smith and Smoot, 1981). The present 
non-equilibrium  model, however, co rrec tly  predicts the penetration  
of the oxygen mole fra c tio n  to  the cen terline . Also, a sharp 
decrease in  the mole fra c tio n  is  predicted in the region of the 
experim entally observed v is ib le  flame as expected.
S e n s itiv ity  studies fo r  the choice of 4u and in the range 
of 4U = 0-2 -  0 .4  and = 0.03 -  0.035 have been made and shown in  
Fig. 4 .5 . S ig n ific a n t d ifferences in  the results  are not noted and
is due to the fa c t th a t an increase in t  is associated with a*u
decrease in  the slope S . These two e ffec ts  are counteracting,
2
and p a rtly  explain the lack of s e n s it iv ity  o f the results to the 4 u 
value in  the 0.2 -  0 .4  range. S im ila r argument may be made fo r  
value in  the 0.03 -  0.035 range.
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Figs. 4 .6  and 4 .7  respectively present the rad ial d is t r i ­
butions of 0 2  and CC^  mole fractions a t d iffe re n t ax ia l locations. 
In  regions where non-equilibrium e ffects  are important, the predic­
tions with the perturbation model outlined in th is  section agree 
well w ith measurements. Fast chemistry equilibrium  predictions  
e x h ib it s ig n ific a n tly  larger discrepancies. In other regions where 
local extinction  e ffec ts  are not important, both the non-equilib­
rium and equilibrium  predictions exh ib it s im ila r behavior.
Fig. 4 .8  shows the non-equilibrium predictions of the mixture 
fra c tio n . As in  Figs. 4 .6 and 4 .7 , the predicted and measured 
values agree well with each other.
4 .5  CONCLUDING REMARKS ON THE FLAME QUENCHING MODEL
A model fo r predicting the non-equilibrium behavior in turbu­
le n t non-premixed flames is presented. This model solves a d if fe r ­
e n tia l equation fo r y  ^ which is  the departure of species y . from 
equilibrium . A simple method is presented fo r calcu lating  the mean 
chemical reaction rate  w. which appears in the equation fo r y . .  
Results obtained with th is  model are compared with experimental 
data and e xh ib it good agreement. Fast chemistry equilibrium  pre­
d ic tio n s , however, do not compare w il l  with the data p a rtic u la rly  
in regions where non-equilibrium effects  are important.
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Fig. 4 .6  Radial d is trib u tio n s  of 0^ mole frac tion
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O Experiment (Lewis and Smoot,1981)
 Prediction with Non-equilibrium Effects
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Fig. 4 .7  Radial d is trib u tio n s  of C02  mole fra c tio n
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CHAPTER 5
EVALUATION AND DEVELOPMENT OF PARTICLE 
DISPERSION MODELS 
Two phase combustion such as pulverized coal or droplet spray 
combustion is  commonly encountered in combustion equipment. The 
motion of the p a rt ic le  or droplet phase is dictated both by the 
mean ve lo c ity  and the turbulence of the gas phase. For re a lis t ic  
pred ictions, the in teraction  between the p a rtic le  phase and the gas 
phase turbulence must be accurately modeled. The primary emphasis 
of th is  chapter is to examine the modeling of p a rtic le  dispersion 
in  a turbu len t, confined and rec ircu la ting  (or e l l ip t ic )  flow f ie ld  
as encountered in  a typ ical furnace or combustor geometry.
As noted by Smoot (1981), the approach commonly adopted fo r  
modeling p a r t ic le  dispersion is  heavily based on empiricism. The 
models proposed by Lockwood e t a l .  (1980) and Smith e t a l. (1981) 
are typ ical examples of such empirical models. In both these 
models, the dispersion of p a rtic les  due to turbulence is assumed to 
be a d iffus ional process and expressed as a gradient of e ith er the 
mean ve lo c ity  (Lockwood et a l . ,  1980) as in the Boussinesq approxi­
mation fo r Reynolds stresses, or the gradient of the p a rtic le  bulk 
number density (Smith et a l . ,  1981). The models, quite c le a rly , 
are less than sa tis fa c to ry , since the basic assumption of re la tin g  
the dispersion o f p artic les  to mean gradients is  not well-founded. 
Further, both models contain empirical constants and there is  con­
siderable uncertainty about the su itab le values of these constants.
121
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Despite these drawbacks, the models have had some measure of 
success in correc tly  p red ic ting  the general trends, although sig­
n if ic a n t local d ifferences between predicted and measured p ro files  
have been noted (F le tch er, 1980; Fletcher, 1983). An a lte rn a ­
t iv e  method has been proposed by Yuu et a l .  (1978), Dukowicz (1980) 
and Gosman and Ioannides (1981) in which a stochastic approach 
towards modeling p a r t ic le  dispersion is used. Unlike the empirical 
approaches, the instantaneous equation fo r p a rt ic le  motion is  
solved with the instantaneous turbulent quantities  obtained by 
random or stochastic sampling.
Faeth and associates have extensively used the stochastic  
approach and evaluated i t  fo r parabolic flows (Shuen e t a l . ,  1983 
a, b, c; Solomon e t a l . , 1985 a , b, c; and Zhang e t a l . ,  1985) by 
comparing the results o f the stochastic method with two other two 
phase flow models, both o f which ignore the turbulent dispersion of 
p a rtic le s . However, no comparisons with the empirical models fo r  
p a rtic le  dispersion (Lockwood e t  a l . ,  1980; Smith e t a l . ,  1981) 
have been made.
The stochastic approach has not been widely used fo r e l l ip t ic  
flows, with the authors aware o f only four recent studies (Gosman 
and Ioannides, 1981; Boysan e t a l . ,  1986; Boyd and Kent, 1986; 
Truelove, 1986) where th is  approach has been used in  combustion or 
furnace geometries. In  none of these studies, has the performance 
of the stochastic method been compared w ith the other models fo r  
p a rtic le  dispersion.
The objective of th is  chapter is  to evaluate the performance 
of the stochastic model fo r p a r t ic le  dispersion in  a turbulent,
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confined and rec ircu la tin g  (o r e l l i p t ic )  f lo w fie ld  as encountered 
in most combustion equipment. Results obtained w ith the stochastic 
model w il l  be compared with two other models fo r turbulent disper­
sion o f p a rtic le s  (Lockwood e t a l . ,  1980; Smith et a l . ,  1981). Two 
sets of experimental data fo r isothermal flows (Memmott, 1977, 
L e a v itt, 1980) and one set o f data fo r reacting flow (Michel and 
Payne, 1980) w il l  be used in making the performance evaluations.
5.1  MATHEMATICAL MODELS
In  solving fo r the coupled system of equations fo r the gas and 
p a rtic le s , an Eulerian-Langrangian form ulation is  adopted, in which 
the gas phase equations are solved in an Eulerian framework and the 
p a rtic le  equations are solved in Lagrangian coordinates. The 
g as -p artic le  coupling is resolved through additional source terms 
in the gas phase equations. A consecutive calcu lation  procedure is 
adopted, in  which the time-averaged gas phase equations are f i r s t  
solved followed by the solution o f the p a rtic le  equations. The 
additional source terms in the gas phase equations due to the 
p a rtic le s  are calculated and the solution fo r  the gas phase equa­
tions again obtained. This process is  repeated u n til convergence.
Gas Phase Equations
The dependent variables characterizing  the mean gas flow are 
the ve lo c ity  components (u ,v ) ,  pressure (p ), enthalpy (h ) and the 
mass fractions of the chemical constituents, ( mf u» mox> m£Q *
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
m^| q) .  The steady-state governing d iffe re n tia l equations fo r these 
dependent variables can be expressed as
stS J^/as, = 8(reff>p 8»/8Xl)ax, + sp * s^p (5 .1 )
where u. represents the mean ve locity  components, q is the mean
dependent variab le ,  ^ is the e ffe c tive  d iffusion c o e ffic ie n t,
p is the mean density, and S. and are the source terms and the
<p <t>»P
additional source terms due to passage of the p a rtic le s , respec­
t iv e ly .
Turbulence is  modeled using the high Reynolds number version 
of the two-equation (k -e ) model fo r turbulence (Launder and Spald­
ing, 1972). This requires the solution of the k in e tic  energy of 
turbulence k and i ts  d issipation  rate s. Governing d iffe re n t ia l  
equations o f the same form as equation (5 .1 )  can be derived fo r  
both k and e. As recommended by Launder and Spalding (1972), the 
presence of the near-wall viscous sub-layer is resolved through the 
use of wall functions.
For reacting flows (pulverized coal combustion is considered 
in  th is  chapter), add itional models fo r radiation heat tran s fe r and 
combustion have to be introduced. In th is  chapter, the fo u r-flu x  
model fo r rad ia tion  (Gosman and Lockwood, 1974) has been used. 
This model has been shown to be satis factory  fo r furnace applica­
tions (Smith e t a l . ,  1981; K halil e t a l . ,  1975). The combustion of 
v o la tile s  released from the p artic les  is  l ik e ly  to occur a f te r  
mixing w ith the surrounding gases and a t a rate determined not by 
chemical considerations but by the turbulence dissipation rate  in  
the gas phase. The phenomenological model proposed by Magnussen
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and H jertager (1976) is  adopted here, by which, the source term S
<!>
in equation (5 .1 )  for the fuel mass frac tio n  m^ u, is expressed in 
the "eddy breakup" form of Spalding (1971) as
Sfu = minimum of j pAmfu e /k , pA(mox/s ) ( c /k ) ,
pA'mpr/ ( l+ s ) ( e /k ) |  (5 .2 )
where s is  the stoichiom etric mass ra t io , and A and A' are empiri­
cal constants. Gas properties are calculated from the functional 
re la tionsh ips  given by Svehla (1963).
P a rtic le  Equations
For isothermal flows, the equations fo r p a rtic le  motion char­
ac te rize  the p a rtic le  behavior. These equations can be expressed 
as
dup/d t  = a (ug - up) (5 .3 )
dVp/dt = a (v g - vp) (5 .4 )
where u and v are the ax ia l and rad ia l v e lo c itie s , and subscripts p
and g re fe r  to  the p a rt ic le  and gas phases, respectively. The term
a is  defined as
“ *  1 8  Mg CD Rep /  24 pp dp 2  (5 .5 )
where Rep is the p a rt ic le  Reynolds number defined as
' dp /  Mg (5 .6 )Re = p u -  u 
P Hg I 9 P
and Cp is  the drag c o e ffic ie n t which is specified according to the 
expression given by W allis (1969).
The v e lo c it ie s  in  equation (5 .3 ) - (5 .6 )  are instantaneous 
qu a n tities . Since, only time-averaged gas phase q u an titites  are 
solved fo r , i t  is  log ical to attempt the solutions of the time-av­
eraged forms of equations (5 .3 ) - (5 .4 )  which may be expressed as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
126
du /d t  = a (u -  u ) + a '(u ' -  u‘ ) (5 .7 )
P 9 P 9 P
dv /d t  = or (v -  v ) + a '(v '  -  v 1) ( 5 . 8 )p g p g p
The second term, on the right-hand side of equations ( 5 .7 ) - ( 5 .8 ) ,  
represents the dispersion o f the p a rtic le s  due to turbulence in the
gas-phase, and i t  is  the modeling of th is  term that is  of primary
in te re s t in  th is  chapter. The three models considered in th is
study are described la te r .
For pulverized coal combustion, add itional equations have to  
be resolved fo r the p a rtic le  temperature and combustion of the 
p a r t ic le . The p a r t ic le  temperature is  described by the equation
nipCpdTp/dt = 7i dp Nu kg(Tg-T p) -  H(dmp/d t )  + L( dmp/d t )  + Qr (5 .9 )
The terms on the r ig h t side o f the above equation represent heat 
tran s fe r to  or from the p a r t ic le  through convection, char reaction , 
v o la t il iz a t io n  and rad ia tio n . Char reaction is suppressed u n til 
v o la t il iz a t io n  is  complete and is described, as suggested by Baum 
and S tree t (1971), by
dmp/d t  = -  Kt  tt dp 2  p Fqx (5 .1 0 )
where Ky is the overa ll ra te  c o e ff ic ie n t, p is  the pressure, and
Fqx is  the oxygen volume fra c tio n  a t the p a r t ic le  surface. The
calcu lation  o f v o la t ile  release from the p a r t ic le  is  again based on
the recommendation o f Baum and S tree t (1971),
dx /d t  = min (Q_/L, B) fo r  T > 600°K
v p p (5 .1 1 )
dx /d t  = 0  fo r T < 600°Kv p
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where xy is  the fra c tio n  o f v o la t ile  mass released, Qp is the 
p a rtic le  heating rate  and B is a maximum d e v o la tiliza tio n  rate  
equal to 30 s The modeling of the gas phase combustion of 
v o la tile s  was described e a r l ie r .  For p a rt ic le  swelling during 
d e v o la tiliz a tio n , the recommendation o f Anson e t a l.  (1971) and 
Smoot and P ra tt (1979) are implemented.
Turbulent Dispersion of P artic les
In th is  section three models fo r  the turbulent dispersion of 
p a rtic le  are described. The f i r s t  two models are commonly employed 
in  the comprehensive modeling of two-phase e l l ip t ic  flows and w il l  
be referred  to as Model 1 and Model 2 in th is  study. Both these 
models solve the time-averaged equation fo r p a rtic le  motion (equa­
tio n  (5 .7 )  and (5 .8 ) )  and thus require closure fo r the fluc tuating  
term correlations appearing in  equations (5 .7 ) and (5 .8 ) .  The 
th ird  model, ca lled  the stochastic model, solves the instantaneous 
equations fo r p a r t ic le  motion (equations (5 .3 ) and (5 .4 ) )  and 
requires the prescrip tion  o f the instantaneous gas phase ve lo c ities  
u and v .
g g
Model 1: Lockwood e t a l .  (1980) have proposed th a t the e f­
fects of turbulent dispersion of p a r t ic le  be incorporated by defin ­
ing d iffus ional p a r t ic le  va lo c itie s  Up and Vp due to gas
phase turbulence and rew ritin g  equations (5 .7 )  and (5 .8 )  as
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g  P  P , d i f f
The d iffu s io n a l ve lo c itie s  are re lated  to the gas phase turbulence 
through
“ p . d i f f  =  C1 l u ' 2  I a n d  vp , d i f f  =  c 2  l v ' 2  I ( 5 ' 1 4 )
where the turbulence in te n s itie s  are estimated with the aid of 
Boussinesq hypothesis:
u 2  = -  c,. 2 p ./p  (du /d x ) + |  k,
J r  9  9  J (5 .15)
v ’ 2  = -  c4  2 pt /p g (dvg/dy) + |  k,
The constants c^, c^, c  ^ and c^ are specified em p irica lly .
Model 2: In t is  model (Smith e t a l . ,  1981), equations (5 .7 )
and (5 .8 )  are f i r s t  solved without the turbulent dispersion terms;
thus, the computed p a rt ic le  ve lo c ities  are those th a t correspond
only to the mean gas motion and are denoted by u ( = i  u + jpc pc
vpC). The to ta l p a r t ic le  ve loc ity  is  obtained by adding a turbu­
len t d iffu s io n a l ve lo c ity  u to u i . e . ,p , d i f f  pc
"p = V  *  “p .d iff C5-16>
The d iffu s io n a l ve lo c ity  is approximated by a gradient d iffusion  
law:
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where pp is the bulk p a r t ic le  density, is the turbulent p a rtic le
d if fu s iv ity  and v *  and a* are the turbulent p a rt ic le  kinematic 
P P
viscos ity  and the turbulent p a rt ic le  Schmidt number, respectively.
The re la tionsh ip  proposed by M e lv ille  and Bray (1979) is  normally
used fo r vt ,
P
v j  /  v *  = [ 1  + ( t * / t L) ] _ 1  (5 .18 )
where t *  is the p a rt ic le  re laxation  time and t^ is  the Lagrangian 
time scale fo r  the gas phase turbulence. For op , a value of 0.35 
has been recommended by Fletcher (1983). The p a rtic le  bulk density 
is obtained from the p a rt ic le  number density np which is  calculated  
by solving an Eulerian equation of the form s im ila r to  equation 
(5 .1 )  (F le tch er, 1980). This model is  the most commonly adopted 
approach fo r incorporating the e ffe c ts  of turbulence on p a rtic le  
dispersion (F le tch er, 1980; Smith et a l . ,  1981; Smoot, 1981; F le t­
cher, 1983; H i l l ,  1983).
Stochastic model: In the stochastic model (Gosman and Ioan­
nides, 1981; Shuen e t a l . ,  1983 a ,b ,c , ) ,  equations (5 .3 )  and (5 .4 )  
are solved d ire c t ly  in th e ir  instantaneous forms. Thus the need to  
model flu c tu a tin g  term correlations in equations (5 .7 )  and (5 .8 )  is  
elim inated. Instead, the p a rt ic le  is  assumed to in te ra c t with a 
succession o f eddies as i t  traverses the flow. The properties in  
each eddy are assumed to be uniform but change randomly from one 
eddy to the next. Since equation (5 .3 )  and (5 .4 )  are solved in 
th e ir  instantaneous form, instantaneous eddy properties are requir­
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ed. These are obtained by assuming isotropic turbulence and making 
a stochastic selection from the Gaussian ve loc ity  p ro b ab ility  
d is trib u tio n  function with mean u and variance 2k/3. Both u and
g g
k are obtained from the gas phase calcu lations.
The p a rtic le  is assumed to in te ra c t with the eddy i f  i ts
displacement w ith in  the eddy is  sm aller than a ch arac te ris tic  eddy
size £ , and the time of in te rac tio n  is smaller than the character- e
is t ic  eddy l i f e  time t g. Conventional expressions fo r  the eddy 
size and l i f e  time are (Gosman and Ioannides, 1981).
£e = cp/ 4  k3/2/e • t e = V ( 2 k / e ) 1 / 2  • (5 - 19)
Since the specification  of eddy size is important, the expression
for £g proposed by D risco ll (1982) has also been used in th is
study. This expression is a m odification of the d issipation  length
scale in equation (5 .1 9 ),
£ = (c .  + c . /  Re. ) k3 / 2  /  e (5 .2 0 )
1  2
where c . = 0.166, c . = 5.12 and Re. is Reynolds number based on
dl  2  A 1 / 2  1 / 2the Taylor microscale defined as Re. = (2 0 /)3  k /(V  e) . Aa g
th ird  choice fo r the eddy s ize  is th a t given in  Williams (1985) and 
deduced dimensionally on the notion th a t the average ra te  of spec­
t ra l  tran s fe r of energy is the same as the average ra te  o f dissipa­
tio n  of turbulent k in e tic  energy. The expression fo r  £g is
£g = (2 k /3 ) 3 / 2  /  £ (5 .2 1 )
An important consideration and one that has been recognized 
Gosman and Ioannides, 1981; Faeth, 1986) is th a t of specifying the 
correct instantaneous p a r t ic le  conditions a t the in le t .  The impor­
tance of the in le t  p a rtic le  flu c tu a tio n  terms can be noted from the
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reported measurements of Shuen et a l. (1983, b) in a p a r t ic le  laden 
je t .  Since, in  general, in le t  p a r t ic le  fluc tua tion  measurements 
are not reported, an a lte rn a tiv e  approach to  predicting these terms 
has to  be devised.
In th is  study a re la t iv e ly  simple approach has been developed 
to p red ic t the p a rt ic le  flu c tu a tio n  terms at the in le t  of the 
furnace. The calcu lation  domain is  extended upstream of the in le t  
to include a certa in  length o f in le t  pipe carrying the p a r t ic le -a ir  
mixture. Since, the cross-stream p a r t ic le  fluctuations d ic ta te  the 
p a rtic le  dispersion in  the rad ia l d ire c tio n , calculations in the 
in le t  pipe are done by the stochastic method outlined above fo r Vp 
and Wp. Fu lly  developed turbu len t gas flow  is assumed in the pipe 
with v =w = 0 ,  and u = u . Eddy size information is  obtainedg g p g
from the experimental data fo r  mixing length (Davies, 1972). To
calcu la te  instantaneous eddy properties , a Gaussian pdf is  assumed 
with the mean.value obtained from the assumption of fu lly  developed
pipe flow and the variance from the assumption of 1 0 % turbulent
in te n s ity  in  the pipe. At the entrance to the pipe, fo r  each 
p a rt ic le  size group, a mass weighted rad ia l location is  calculated  
assuming uniform rad ia l d is trib u tio n  o f p a rtic le s  and stochastic  
calculations fo r  th is  p a rt ic le  size group are in it ia te d  from its  
mass-weighted location and continued to the end o f the in le t  pipe 
(which coincides w ith the in le t  to the furnace). The computed 
p a rt ic le  v e lo c itie s  a t the end of the in le t  pipe are computed fo r  
each p a r t ic le  size group and are used to  characterize the p a rtic le  
condition a t each rad ia l location a t the combustor in le t .
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5 .2  SOLUTION PROCEDURE
The p a r t ic le  f ie ld  is  modeled as a set of representative  
p a rt ic le  tra je c to r ie s . Five or six p a rtic le  size groups are as­
sumed and tra je c to ry  calculations are in it ia te d  from the grid  
points a t the entrance to the domain. The p a r t ic le  number flow  
ra te  along each tra je c to ry  is  assumed to be a constant.
The solution to the Lagrangian p a rtic le  equations is  obtained 
by a forward in tegra tion  process. Since the p a r t ic le  equations for 
a dependent va riab le  i}j can be linearized  and expressed as
dij>/dt = A -  B«Jj , (5 .22 )
the forward in tegra tion  (e x p lic it )  results in
* n+i  = <J>n e"B6t + A/B (1 -  e"B6t) (5 .23)
where n and n + 1  denote the beginning and end of the time incre­
ment S t. This equation has been used in the present calculations. 
Gas v e lo c itie s  a t each p a rt ic le  location are in terpo la ted  from the 
neighboring v e lo c ity  values stored along the control volume faces.
As mentioned e a r l ie r ,  the converged results  are obtained by 
consecutive solutions of the gas phase and p a r t ic le  equations. 
A fte r every solution o f the p a rtic le  equations, the gas phase
source terms due to the passage of p a rtic les  is  computed and
<p»P
used in  the very next solution of the gas phase equations. This 
process is  repeated u n til changes in  consecutive solutions are 
smaller than a p re-spec ified  tolerance.
I t  is  c lea r th a t the overa ll calcu lation  process is  extremely 
computer in tensive , and the mesh size used should re f le c t  a balance 
between accuracy and economy. A nonuniform 20 x 20 mesh is  used in
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the gas phase calculations and is found to s a tis fy  overall conser­
vation to less than 13. The fin a l mesh size and d is trib u tio n  of 
mesh points fo r each configuration is obtained a f te r  performing 
calculations on successively f in e r  grids and accepting the mash to 
be fin a l i f  the solutions compare w il l  with the solutions on a much 
f in e r  mesh.
5 .3  RESULTS AND DISCUSSION
Three sets of measurements have been chosen to make perfor­
mance evaluations. The f i r s t  two sets (Memmott, 1977; L eav itt, 
1980) correspond to isotherm al, two-phase flow in a cy lindrica l 
combustor geometry shown in Fig. 5 .1 . Experimental conditions fo r 
these measurements are also shown in the figu re . The th ird  set of 
data was obtained by Michel and Payne (1980) fo r pulverized coal 
flame in a rectangular geometry which, in th is  study, has been 
replaced by a c y lin d ric a l geometry w ith the same equivalent diame­
te r .  This p ractice  is  ju s t if ie d ,  in  view of the large expansion 
ra t io  of the furnace, and Lockwood and Salooja (1983) have made the 
same assumptions with sa tis fac to ry  resu lts .
I t  should be noted th a t in the configurations considered, the 
n earfie ld  o f the in le t  is  characterized by strong adverse and 
rad ia l pressure gradients, and radial v e lo c itie s . Thus the in je c t­
ed p a rtic le s  c le a r ly  experience the flow  f ie ld  e l l ip t ic i t y .
S e n s itiv ity  tes ts
The s e n s it iv ity  o f the stochastic method to the number of 
stochastic ca lcu la tio n s , tangential ve lo c ity  flu c tu a tio n , eddy size
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prescrip tion , and the in le t  dissipation ra te  are described in th is  
section. The number o f stochastic ca lcu lation  fo r each p a rtic le  
size group and s ta rtin g  location is  an important fa c to r in control­
lin g  the overa ll computational cost. This consideration is p a r t i­
cu la rly  important fo r the computer intensive ca lcu la tion  of e l l ip ­
t ic  flows. Therefore, a s e n s it iv ity  te s t  is  performed, and results  
are obtained w ith  5 , 20, 40, 100 and 200 stochastic calculations  
fo r each p a rtic c le  size group and s ta rtin g  location and compared 
with the isothermal data of Memmott (1977). In performing these 
calcu lations, the approach described e a r l ie r  fo r  computing the 
in le t  p a rt ic le  fluctuations is  not used, and the e ffe c t  of tangen­
t ia l  gas phase fluctuations is ignored. The turbulent energy 
dissipation  ra te  is  specified as recommended by Smoot and Smith 
(1985),
£ IN = Cr  k 1 * 5  7  ( 0 - 2 5  De) (5 ’ 24)
I t  can be seen (F ig . 2) that the predictions with 20, 40, 100
and 2 0 0  stochastic calculations per p a r t ic le  size group and s ta r t­
ing location agree well with each other and also w ith the measured 
values. With 5 stochastic calculations per p a rt ic le  size group and 
s ta rtin g  locatio n , local discrepancies are noted. Therefore, i t  
appears th a t 2 0  stochastic calculations per representative p a rtic le  
tra je c to ry  are s u ff ic ie n t  fo r e l l ip t ic ,  isothermal flows. This 
observation is  also v e r ifie d  fo r reacting flows.
I t  should be pointed out that the measured p a r t ic le  mass flux  
p ro file s  are ty p ic a lly  characterized by a rapid in i t ia l  decay 
followed by a long t a i l .  In  the region of rapid decay, a small 
uncertainty associated with the rad ia l location translates into a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
137
s u b stan tia lly  la rger e rro r in the p a rtic le  mass flu x . Data shown 
in th is  study have been obtained with a suction prove, and in view 
of the uncertainty associated with the exact location o f the probes 
center, comparison between predictions and measurements should be 
made w ith th is  in mind. Therefore, in th is  study, good agreement 
implies th a t the predictions correc tly  reproduce the measured 
trends.
In  the stochastic model, the e ffe c t of the tangential gas
phase ve lo c ity  fluc tuations w' (w = 0 ) can be handled with re la -
9 9
t iv e  ease, but the importance of th is  e ffe c t on the two-dimensional 
tra je c to ry  predictions is  not c le a r ly  known. Therefore ca lcu la­
tions have been made w ith and without the tangential gas phase 
v e lo c ity  flu c tu a tio n  w  ^ and the results  compared in  Fig. 5 .3 . In  
performing the calcu lations w ith w^, the p a rt ic le  ve lo c ity  equa­
tions (equations (5 .3 )  and (5 .4 ) )  are rew ritten  as
du /d t  = a (u -  u ) (5 .2 5 )
P 9 P
dVp/dt = or (v -  Vp) + Wp/r (5 .2 6 )
dw /d t  = a (w 1 -  w ) -  v w / r  (5 .2 7 )
P 9 P P P
Since two dimensional tra je c to ry  calculations are being performed,
2
equation (5 .2 7 ) is  solved only to  calcu late Wp/r appearing in
equation (5 .2 6 ). I t  is  through th is  term th a t the e ffe c t  of w^  on
the rad ia l dispersion of p a rtic le s  is  incorporated.
From Fig. 5 .3  i t  can be seen th a t tangential gas phase velo­
c ity  flu c tu a tio n  reduce the mass f lu x  values in  the v ic in ity  of the 
cen terlin e ; away from the cen te rlin e , the e ffe c ts  are neg lig ib le .
To explain th is  i t  should be noted th a t since wp is  re la t iv e ly  
2sm all, the Wp/r term assumes importance only in  the v ic in ity  of the
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cen terlin e  where r  also has a small value. Although centerline  
measurements are not ava ilab le  fo r th is  study, extrapolation of 
measured rad ial p a rt ic le  flu x  d is trib u tio n s  appear to va lida te  the
lower centerline fluxes computed with the inclusion of w1.
9
Figure 5 .3  also shows the e ffe c t  of the eddy size (equations 
(5 .1 9 ) ,  (5 .2 0 ) and (5 .2 1 ))  on the p a rt ic le  dispersion. The eddy 
size given by equation (5 .2 1 ) is  only 10% or so greater than th a t 
predicted by equation (5 .1 9 ) and the corresponding predictions fo r  
p a rtic le  dispersions are nearly identica l (s o lid  l in e ) .  When 
equation (5 .2 1 ) is  used, the computed eddy size is  nearly 3 times 
la rg e r, and therefore the predicted p ro file s  (dash-dot lin e s )  
e x h ib it the measured trends o f greater p a rt ic le  dispersion away 
from the cen terline . Increase in cen terlin e  p a rt ic le  f lu x  is also 
noted since, a t the in le t ,  the p a rtic le s  are in jected a t the mass-
weighted rad ial location , and the larger eddies disperse more
p a rtic le s  towards the cen terlin e . Since there is  considerable 
uncertainty about the in le t  gas phase d issipation rate £jN, its  
e ffe c t  on p a rtic le  dispersion is  determined by using two commonly 
recommended expressions. The f i r s t  is  equation (5 .2 4 ), recommended 
by Smoot and Smith (1985), and the second is the higher value of
eIN recommended by K halil e t a l. (1975) and Syed and Sturgess
(1980) and given by
e IN = Cp ^  5  /  ( 0 ' ° 3  °e ) * (5 .2 8 )
I t  can be seen from Fig. 5.3 th a t the higher in le t  d issipation rate
(dotted lin e )  increases cen terlin e  p a tic le  f lu x , but except close 
to  the cen te rlin e , compares well w ith the predictions using equa­
tio n  (5 .2 4 ) (s o lid  l in e ) .
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I t  should be noted th a t although the centerline p a rtic le  mass 
flu x  appears to be qu ite  sen sitive  to the e ffects  of tangential gas 
phase flu c tu a tio n , eddy size and in le t  d issipation ra te , the par­
t ic le  mass flow ra te  in view of the smaller cross-sectional area 
near the cen te rlin e , is less sensitive  than the centerline p a rtic le  
flu x . Results reported in  the remaining study include the e ffe c t  
o f tangentia l gas phase flu c tu a tio n  and use equation (5 .1 9 ) for 
and equation (5 .2 4 ) fo r e ^ .
The e ffe c t o f specifying the p a rt ic le  ve loc ity  fluctuations at 
the in le t ,  using the simple stochastic approach described e a r lie r  
fo r computing the rad ia l p a r t ic le  ve loc ity  fluctuations in  a lead- 
in  in le t  pipe, is  shown in  Figs. 5 .4  and 5 .5 . Quite c le a rly , the 
effec ts  are s ig n ific a n t, and fo r r e a l is t ic  predictions with the 
stochastic method, the in le t  p a r t ic le  ve lo c ity  fluctuations must be 
i ncluded.
Model Evaluation
In th is  section the predictions fo r p a rt ic le  dispersion using 
Models 1 and 2 and the stochastic model w il l  be compared w ith each 
other.
Isothermal Flow: Since Model 2 has been the most populaar
approach heretofore, isothermal flow  predictions has been obtained 
using Model 2 and the stochastic method. In  view of the uncertain­
ty  associated w ith  the value of in Model 2, predictions have 
been obtained using the recommended value o f 0.35 (F le tch er, 1983) 
and 0 . 2 .
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Figure 5 .4  shows the comparison between the predictions and 
the data of Memmott (1977) at two axia l locations. Predictions 
using Model 2 e x h ib it a steep rad ial decay in p a rtic le  flu x  with 
near zero values beyond r  = 2.0 cm. The measurements, however, 
ind icate a greater level of the rad ial dispersion of p a rtic les  with  
the p a r t ic le  flu x  gradually decaying to zero a t r = 4 .0  cm. Pre­
d ictions using the stochastic method exh ib it these measured trends 
and, qu ite  c le a r ly , provide more r e a l is t ic  simulations than those 
obtained using Model 2. Both choices of y ie ld  nearly s im ila r  
rad ia l p ro file s  w ith somewhat greater rad ia l dispersion predicted
a t the lower a*- value.
P
The v a l id ity  o f the simple stochastic method used fo r p red ic t­
ing the in le t  p a r t ic le  ve loc ity  fluctuations may be noted by com- 
2
paring ( V Vp / Up) - et  predicted in th is  study (the overbar de­
notes ensemble average) w ith  the measurements in  Shuen e t a l . 
(1983, b ). The two values agree well with each other, and although 
the two flow  conditions in the two in le t  pipes are somewhat d i f f e r ­
en t, the same order o f magnitude of the two values indicates the 
v a lid ity  o f the approach.
The stochastic approach incorporating the stochastic calcu la­
tio n  of the in le t  conditions and 2 0  stochastic ca lcu la tion  per 
p a r t ic le  size group and s ta rtin g  location takes nearly 3 .4  times 
more computing e f fo r t  than the computations w ith Model 2. However, 
th is  increase in  the computational e f fo r t ,  qu ite  c le a r ly , is  o ffs e t  
by the more r e a l is t ic  simulations of p a rt ic le  dispersion p ro file s .
Fig. 5 .5  shows the comparison of predictions w ith the data of 
L e a v itt (1980) and observed trends are consistent with those in
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Fig. 5 .4 . Model 2 p ro file s  e x h ib it rather non-uniform behavior. 
These nonuniformities can be reduced by increasing the number of 
p a rtic le  s ta rtin g  locations and p a r t ic le  size groups but the rad ial 
dispersion of p a rtic le s  is always underpredicted when Model 2 is 
used. Further, increasing the p a r t ic le  size groups and s tarting  
locations fo r Model 2 , leads to s ig n ific a n t increases in computa­
tio n a l e f fo r t .
Reacting Flow: Pulverized coal combustion predictions using
Model 1, Model 2 and the stochastic method are compared with the A1 
flame data o f Michel and Payne (1980). Model 1 predictions compare 
rather poorly with the measured values, while the solutions ob­
tained using Model 2 do not agree w ith the measurements beyond X of
2.0 meter. Model 2 predictions w ith o£ = 0.2 exh ib it a sharper 
decay than those with CTp = 0 .35 , and are therefore not shown in the 
figu re .
Predictions with stochastic method appear to agree well with  
the measured values. The axia l d is tr ib u tio n  without in le t  p a rtic le  
ve loc ity  fluctuations e x h ib it s a tis fa c to ry  agreement with the data, 
but the rad ia l d is trib u tio n s  (not shown) indicate local differences  
between predictions and measurements, and again point to the impor­
tance of incorporating tangentia l and rad ia l p a rtic le  ve loc ity  
fluctuations a t the in le t .
In  Fig. 5 .2 , the s e n s it iv ity  of the stochastic predictions to  
the number o f stochastic calcu lations per p a rt ic le  size group and 
s ta rtin g  location was p-esented fo r  isothermal flows. For a react­
ing flow , Fig. 6  shows the e f fe c t  o f increasing the number of
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stochastic calcu lation  per size group and s ta rtin g  location from 2 0  
to 30. The predicted p ro file s , again, show close agreement to each 
other.
As fo r isothermal flows, stochastic calculations with in le t  
p a rtic le  ve lo c ity  fluc tuations, require nearly 3 times greater 
computational e f fo r t  than the calculations with Model 2.
Radial d is tribu tio ns  of p a rtic le  concentration a t d iffe re n t  
axia l distances, ranging from 0.1 m to 3.5 m from the in le t ,  are 
presented in  Fig. 5 .7 . Predictions using the stochastic method and 
Model 2 are presented. Quite c le a rly , a t a l l  axia l locations, the 
stochastic method provides predictions in  be tte r agreement w ith the 
measured values. As fo r isothermal flows, the radial p ro files  
predicted using Model 2 exh ib it non-uniform behavior.
5.4 CONCLUDING REMARKS
A comparison between the stochastic model and two gradient
models fo r the dispersion of p artic les  due to turbulence in an
isothermal or reacting e l l ip t ic  flow f ie ld  has been made. Predic­
tions of the gradient models are characterized by a more rapid
decay in the rad ia l dispersion of p artic les  compared to the meas­
ured trend and the predicted p ro files  exh ib it rather non-uniform 
behavior. Predictions w ith the stochastic model show good agree­
ment w ith the measured values in both isothermal and reacting  
environments, but require the correct specification  of the in le t  
cross stream p a r tic le  ve loc ity  fluctuations. The stochastic method 
requires greater computing e f fo r t ,  but is recommended in view of 
the more physically  re a lis t ic  simulations.
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CHAPTER 6
COMPREHENSIVE COMPUTER CODE FOR PULVERIZED 
COAL COMBUSTION
The purpose o f th is  chapter is  to evaluate the comprehensive 
computer code fo r the pred iction  of pulverized coal combustion in a 
two-dimensional axi-symmetric geometry. The basic methodology and 
models have already been described in d e ta il in chapters 2 and 5. 
Therefore, only a b r ie f  summary is  presented in section 6 .1  fo r  
completeness. The evaluation o f the comprehensive computer code is 
based on comparison with IFRF experimental data (Michel and 
Payne, 1980) using West German bituminous Saar coal.
6 .1  MATHEMATICAL MODELS AND SOLUTION PROCEDURE
In  solving fo r the coupled system of equations fo r the gas and 
p a rtic le s , an Eulerian-Lagrangian formulation is adopted, in which 
the gas phase equations are solved in an Eulerian framework and the 
p a rt ic le  equations are solved in Lagrangian coordinates. The 
gas -p a rtic le  coupling is  resolved through additional source terms 
in the gas phase equations as recommended by Crowe e t a l .  (1S77).
The dependent variables characterizing  the mean gas flow  
behavior such as mean v e lo c itie s  are solved by a control volume 
based f in i t e  d ifference procedure (Patankar, 1980). The two equa­
tio n  (k -e ) model is  used fo r turbulence closure (Launder and Spald­
ing, 1972). A phenomenological eddy breakup model proposed by
148
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Magnussen and H jertager (1976) is employed to account fo r co a l-o ff  
gas turbulent combustion. The model is characterized, as mentioned 
in section 2 . 1 , by the neglect of turbu lent fluc tuation  of depen­
dent variables such as species mass fra c tio n  and temperature. The 
reason fo r selecting  th is  combustion model is  because of the par­
t ia l  premixed burning of c o a l-o ff gas since c o a l-o ff gas release  
occurs in  the near burner low temperature region (Lockwood and 
Salooja, 1983). Since models fo r the general case o f p a r t ia l ly  
premixed turbu lent reactions are not ava ilab le , the aforementioned 
eddy breakup model is  employed. The eddy breakup model constants 
are chosen based on the recommendation of Lockwood and Salooja 
(1983).
For ra d ia tio n , the four flu x  model (Gosman and Lockwood, 1974) 
is used. Gas properties are calculated from the functional re la ­
tionships given by Svehla (1963). The Lagrangian p a rtic le  calcula­
tions are in it ia te d  fo r each p a rtic le  size group and rad ia l s ta ta r-  
ing locations a t the in le t  to the furnace by a forward in tegration  
procedure.
To model the e ffe c t o f turbulence on p a rt ic le  dispersion, an 
improved version of the stochastic model proposed by Gosman and 
Ioannides (1981) is  employed. As described, in d e ta il ,  in the 
previous chapter, th is  improvement is  centered around the develop­
ment of a su itab le  technique fo r co rrec tly  predicting the in le t  
instantaneous cross-stream p a r tic le  v e lo c it ie s . As in the previous 
chapter, f iv e  p a r t ic le  size groups and four s ta rtin g  locations are 
employed and 2 0  stochastic ite ra tio n s  are performed fo r  each par­
t ic le  size group and s ta rtin g  location.
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For coal p a rtic le  d e v o la tiliza tio n  and char reaction, the 
empirical models based on the recommendation of Baum and Street 
(1971) are employed. The heat of p a rtic le  reaction is assigned 
e n tire ly  to the p a rtic le  phase.
As mentioned in chapter 2, a consecutive calculation procedure 
is  adopted fo r obtaining converged resu lts , in which, the tim e-av­
eraged gas phase equations are f i r s t  solved, followed by the solu­
tio n  of the p a r t ic le  equations. A fter every solution of the par­
t ic le  equations, the coupling source terms due to the passage of 
p artic les  is computed and used as additional source terms in the 
very next solution o f the gas phase equations. This process is 
repeated u n til changes in  major gas phase variables such as enthal­
py and ve lo c itie s  are smaller than a specified tolerance. Typical­
ly  30 consecutive calculations of gas and p a rt ic le  phase equations 
are needed.
In  th is  chapter, predictions are obtained and compared with 
four sets of experimental data reported by Michel and Payne (1980). 
In  one of the four cases the flame is  detached from the burner 
while in other three cases an attached flame is  obtained. The 
experiments were conducted whose configuration is shown in Fig. 5.1  
and the experimental conditions fo r the four cases are given in 
Table 6 .1 . The furnace used in these investigations has a square 
cross section, but is  modeled with an equivalent cy linderica l 
geometry as discussed in Chapter 5.
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Tab!e 6 .1 Experimental conditions of IFRF data
(Michel and Payne, 1980)
A1 A2 B1 B3
Primary
Velocity  (m/s) 21.9 30.8 40.7 29.7
Temperature (k ) 423 588 463 623
Burner Dia (mm) 70.3 107.1 703 132
Coal Mass Flow 2 1 2 2 2 0 2 1 2 2 2 0
(kg/hour)
Secondary
Velocity (m/s) 25.1 25.1 9.6 12.5
Temperature (k ) 763 763 773 743
Burner Dia (mm) 260 260 399 342
Flame State Attached Attached Detached Attached
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6.2  RESULTS AND DISCUSSION 
A1 Flame
The f i r s t  set of measurements by Michel and Payne (1980) 
correspond to the A1 flame and provide d e ta iled  temperature and 
species concentration p ro file s  along the rad ia l d irec tio n  a t sever­
al ax ia l locations. As shown in Table 6 .1 , an attached coal flame 
is  obtained in th is  case.
Figure 6 .1  shows comparisons o f measured and predicted center- 
l in e  gaseous temperature p ro files  together w ith predicted p a rt ic le  
temperature p r o f i le .  In Fig. 6 .2 , the rad ia l p ro file s  of gaseous 
temperature a t a x ia l locations of 0 .5  m, 1 .0  m, 1 .9  m and 3.5 m are 
shown. In general, comparisons between predictions and measure­
ments are in  good agreement. The discrepancy between gas and 
p a rtic le  temperature is believed to be due to the e ffe c t of assign­
ing the e n tire  heat of p a rt ic le  reaction to the p a rt ic le  phase.
Fig. 6 .3  shows comparisons o f measured and predicted 0^ and 
CO2 p ro file s  along the cen te rlin e , together w ith the measured CO 
p ro f ile . In  add ition , the prediction of O2  reported by H il l  (1983) 
is  included fo r comparison purposes. The predicted trend o f 0  ^
p ro f ile  is  in good agreement with the measured value. The pred ic t­
ed CO2  p ro f ile  shows considerable deviation from the measured 
values with a peak in  the p ro f ile  occurring a t an ax ia l location of
1.5  m. The overestimation of CO2  level is  a ttr ib u te d  to the lack 
of modeling CO p red ic tio n , considering the to ta l mass of carbon 
atom balance together with the CO concentration leve l on Fig. 6 .3 .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission
T
I K ]
GAS TEMPERATURE MEASUREMENT 
(Michel and Payne, 19B0;A1 Flame)
GAS TEMPERATURE PREDICTION
PARTICLE TEMPERATURE PREDICTION2000
1500
1000
500
6050
A X IA L  D ISTANC E t m 1
Fig. 6.1 Comparison of gas and p a r t ic le  temperature p rofiles
along the centerline (A1 flame) to
154
T
IK ]
1000
•  EXPERIMENT (Michel and Payne, 1980) 
  PREDICTION500
X * 35 m
2000,-
1500
1000
500-
2000
1501
1000
500
2000
1500
500
02
Fig. 6.2 Comparison of radial gas 
temperature profiles (A1 flame)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
• °2
o co2
▲ CO
— Oj---- CO,
...... °2
( .  ) 
PREDICTION( H ill, 1983)
FRACTION
0
/
m u - 9.
20 3 0  4.0
A X IA L  DISTANCE I  m 1
Fig. 6.3 Comparison of species concentration profiles 
t^n<J1
along the centerlin (A1 flame)
156
The predicted 0^ p ro f ile  by H il l  (1983) shows a sharp decay in 
the near burner region and rather poor agreement with the measured 
trend. H i l l  (1983) has employed a number o f d iffe re n t models, 
compared to th is  study; these include the conserved scalar method 
fo r c o a l-o ff gas combustion, an em pirica lly  based gradient model 
fo r turbu lent p a rt ic le  dispersion and d e v o la tiliz a tio n  model pro­
posed by Ubhayakar e t a l. (1976). Therefore, any quantita tive  
evaluation o f ind iv idual model performances and comparison of 
models used by H il l  (1983) and in  the present work is  not feasib le .
The Og and CO^  p ro file s  are also shown in Fig. 6 .4  and 6 .5 , 
respective ly . The predicted 0^ levels overestimate the measured 
values fo r  R > 0 .2  m. S im ilar trends are observed in the predic­
tion  of H i l l  (1983) which are not shown here. One possible explan­
ation is th a t the in le t  a ir  flow rate  may have been overestimated 
or the coal flow rate  underestimated. As a consequence of 02  
overprediction, the CO2  p ro f ile  is  correspondingly underestimated 
fo r R ^ 0 .2  m.
A2 Flame
The measurements of A2 flame provide temperature and species 
concentration only along the cen terlin e . This is  again an attached 
flame but w ith d iffe re n t primary stream flow conditions. Fig. 6 . 6  
and 6 .7  show comparisons between measured and predicted temperature 
and species p ro file s . These trends are s im ila r to those of Al 
flame described above. In general, agreement is good, considering 
the fa c t th a t the production and destruction of CO is  not modeled.
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B1 Flame
The measurements of B1 flame again provide detailed  tempera­
ture and species concentrations along the radial d irection  at 
several ax ia l locations. As shown in Table 6 .1 . th is  case has a 
higher primary ve lo c ity  which causes flame l i f t - o f f .  Fig. 6 . 8  and 
6 .9  show predicted and measured gas phase temperature p ro files  
together with the predicted cen terline  p a rt ic le  temperature pro­
f i l e .  In the l i f t - o f f  region, up to 1.0 meter from the in le t ,  
s ig n ific a n t deviations between measured and predicted values are 
noted, and can be a ttr ib u te d  to the fa c t th a t local quenching 
effec ts  have not been included.
Comparisons o f species concentration p ro file s  are i llu s tra te d  
in Figs. 6 .10 -13 , which also indicate the importance of flame 
quenching modeling in  the near in le t  nozzle f ie ld .  However, the 
overall trends are in good agreement with each other. The predic­
tio n  of 02  cen terlin e  p ro f ile  by H il l  (1983) is also presented in 
Fig. 6 .10 , and as fo r  the A1 flame larger differences from the 
measured trend, compared to the differences in  the present study, 
are noted.
Flame B3
The measurements o f attached B3 flame again provide tempera­
ture and species concentration p ro file s  only along the cen terline  
as in A2 flame. Comparisons are presented in Figs. 6.14 and 6.15. 
Trends s im ila r to  those observed e a r lie r  are obtained.
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6 .3  Concluding Remarks
A comprehensive computer code developed fo r the calculation of 
pulverized coal combustion is  evaluated against a series of IFRF 
experimental data. The predicted and measured values show reason­
ably good agreement. Proper model developments fo r flame quenching 
due to high in le t  stream ve loc ity  and minor species calculation  
l ik e  CO are of primary importance fo r  b e tte r predictions.
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CHAPTER 7
MOMENT CLOSURE METHOD FOR NITROGEN OXIDE 
FORMATION IN PULVERIZED COAL COMBUSTION
Pollutants aris ing  from the reactions in a pulverized coal- 
f ire d  furnace can be categorized in to  two groups (Mater and Ree, 
1979). The f i r s t  group includes pollu tants which are common to a l l  
in d u stria l combustion systems: CO, soot, unburned hydrocarbon and
N0x due to the fix a tio n  o f atmospheric N£. The second group in ­
cludes pollu tants from the impurities in  coal. Dominant species 
among these are sulfurous and nitrogeous po llu tan ts . Nitrogen 
p o llu tan t consists o f nitrogen oxide (NO), nitrogen dioxide (NO2 ) ,  
and ammonia (NH^). Of the major pollu tants resu ltin g  from the 
combustion of coal, NO is  the predominant species formed during the 
combustion process, and makes up 90-95% of the n i t r ic  oxides emit­
ted (Chen e t a l . ,  1981).
Nitrogen oxide formation can be contro lled  e f f ic ie n t ly  by 
understanding the mechanism of NO formation in combustion systems 
instead of removing NO from the stack gases (Wendt, 1983). To th is  
end H il l  (1983) has made a systematic parametric study and has 
proposed a model fo r the NO formation in pulverized coal combustion 
systems.
The purpose of th is  chapter is to propose a s im p lified  model 
fo r  the formation o f fuel bound NO of coal p a r t ic le  and evaluate 
the model by the comparison with the IFRF experimental A l flame 
data (Michel and Payne, 1980).
171
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7.1 NO FORMATION MECHANISM
Since th is  chapter deals w ith the modeling of fuel NO forma­
tion  in pulverized coal combustion, thermal and prompt NO forma­
tions are exlcuded. Recent studies (Wendt, 1980; Heap et a l . ,  
1978) ind icate  th a t the fuel NO account fo r 60% to 80% of the NO 
formed. Chiger (1981) reports th a t thermal NO accounts fo r only 
10% to 20% of the to ta l NO. H i l l  (1983) has concluded that fuel NO 
is more than 95% of the to ta l NO formed in the coal containing 1-2% 
nitrogen.
Coal D e v o la tiliza tio n
Coal contains approximately 1-2% nitrogen by weight depending 
on the coal type. This nitrogen is  released from the coal into the 
gas phase during the d e v o la tiliz a tio n  process. In  the proposed 
model two basic assumptions are made regarding coal d e v o la tiliz a ­
tio n , The f i r s t  assumption is  th a t nitrogen is d evo la tilized  a t a 
rate equal to  the rate  of coal weight loss. However, since the 
evolution of nitrogen has a g reater temperature dependence than the 
evolution of v o la tile s  occurs, 70-90% of coal nitrogen is  evolved 
during d e v o la tiliz a tio n  a t high temperature (B la ir  e t a l . ,  1977). 
Thus the fra c tio n  of nitrogen evolved during d e v o la tiliz a tio n  is  
taken to be about 80%. The second assumption is  that most of the 
nitrogen d e v o la tilize d  from the coal is  evolved as HCN (Heap et 
a l . ,  1978). Thus the amount o f HCN formed from d evo la tilized  
nitrogen can be calculated from the follow ing equation:
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In  th is  equation, FN is  the mass fraction  of nitrogen in the coal,
Sp v is  the mass source term of c o a l-o ff gas due to d e v o la tiliza ­
tio n , Fy is  the fra c tio n  of v o la tile s  in coal, and C is a constant
(s  0 . 8 - 1 . 0 ) used to specify the percentage of coal nitrogen i n i t i ­
a l ly  converted to HCN ( H i l l ,  1983). The co e ffic ie n t 0 .8  denotes 
the fra c tio n  of nitrogen evolution due to d e v o la tiliz a tio n , as 
mentioned above.
Homogeneous NO reaction
The assumption that most (80-100%) o f the devolatized nitrogen
is  i n i t i a l l y  converted to  HCN in the gas phase is the starting
point in  the modeling of NO formation. The HCN can then react, in 
a p a ra lle l fashion, to NO or N2  in  the gas phase. The global 
reaction rates of these p a ra lle l reactions, and u^, fo r NO and
N2  generation respective ly , have been reported by De Soete (1975),
W1 = A1 XHCN X02  exp ( ' El /RT)
“2 = A2 XHCN XN0 exp (~E2 /RT)
where A, X, E and R stand fo r preexponential fa c to r, mole frac tio n ,
ac tiva tio n  energy and universal gas constant, respectively. The 
order o f reaction , b in Eq. (7 .2 ) ,  varies according to mole frac­
tio n  o f oxygen. The order is  zero fo r 02  mole fractions greater 
than 18,000 ppm and 1 fo r mole fractions o f 02  less than 2,500 ppm.
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In the range o f 2500-18,000 ppm, b changes lin e a r ly  as a function 
of mole fra c tio n . Inspection o f a series of IFRF experimental data 
(Michel and Payne, 1980) has shown th a t the mole fra c tio n  of 0 2  
greater than 1%. Therefore, i t  is  reasonable to assume that the 
order o f reaction is zero. Assuming th is  order of reaction , Eq.
(7 .2 )  can be w ritte n  as
W1 = A1 XHCN exp ( " Ei /RT) ( ?- 3)
Heterogeneous Reaction
The nitrogen remaining in the coal a f te r  d e v o la tiliz a tio n  can 
be heterogeneously oxidized to form NO. In th is  NO model, the 
heterogeneous NO formation is  handled in  a manner exactly analogous 
to homogeneous NO formation ( H i l l ,  1983). In other words, as the 
char oxid izes, nitrogen is released in to  the gas phase to form HCN. 
The reduction o f NO by in teraction  of char p a rt ic le  has been re­
ported by Levy et a l .  (1981) with a reaction ra te  term given by
w3 = A3  exp (-E 3 /RT) PN£) (7 .4 )
2
where A^  is  the external surface area o f the char in m /gm and PNq 
is the p a rtia l pressure o f NO in  atmospheres.
In  summary, NO reaction sequence can be represented schematic­
a l ly  as shown in  Fig. 7 .1 . The k in e tic  parameters employed in th is  
NO model are presented in  Table 7 .1 . The volumetric reaction rates 
of u>^ , u)^  and u>3  can be expressed in terms of mass fra c tio n  (Y) as
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M .mix Y
-Ej/RT
(7 -5 )HCN eHCN
Y Y e HCN NO
- e2/ rt
(7 .6 )
m3  = M
- e3/ rt
(7 .7 )
where nip, r^, Mmi*x and Y denote p a rt ic le  mass and number density,
mixture molecular weight, species mass fra c tio n , respectively.
7.2 MOMENT CLOSURE METHOD
To model the NO reaction process, the e ffe c t of turbulent 
fluc tua tion  on chemical reaction should be appropriately accounted 
fo r. However, due to the complex nature of these processes, only 
two models ( H i l l ,  1983; Fiveland et a l . ,  1987) have been published, 
to the author's knowledge. These are s im ila r to  each other, in 
th a t the reaction rates are only a function of local stoichiometry  
or fuel mass fra c tio n , and the e ffec ts  of turbulent fluctuations  
are accounted fo r by an appropriate p ro b a b ility  density function.
The basic idea of the model in th is  study is  to  neglect the 
e ffe c t  of temperature fluctuation  on the chemical reaction , and 
therefore the e ffe c t of turbulence on NO formation through species 
flu c tu a tio n . This argument is supported by the work of De Soete 
(1975), in which a rather small e ffe c t of temperature on the NO 
y ie ld  is  observed over a wide range of temperature. Thus, neglect­
ing the fluc tuation  o f temperature and density, the mean reaction  
•  •  •
rate  fo r u>^ , and ui3  in  a turbulent flow can be w ritten  as
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COAL-N
NO
CHAR 
N O -----------------~> CO
N.
Fig. 7 .1  Schematic NO reaction sequence
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Table 7 .1  
K inetic  parameters used in the NO Model
Pre-exponential
Activation
Energy
Reaction Factor (kcal/m ole)
W 1
1 . 0  x 1 0 1 0 67
“ 2
1 23.0 x lO1^ 60
"3 4 .1  x 104 34
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In  the above equations, the only unknown term is  turbulent co rre la ­
tio n  term Y^g. In  order to evaluate the corre lation  term, a
balance equation can be derived (B ilg e r , 1980) as
p uk 3x (YHCN YmP  " ax (p uk YHCN ' W  k k
 i—yi—  9K o  i - y r  9YHCN
p uk HCN 3xk p uk NO 3xk
AY 1 Y1
HCN NO
2  p D axk axk + yhcn “ no + “ hcn yno (7 .n )
The f i r s t  three terms on the r ig h t side of Eq. (7 .11) can be hand­
led via gradient transport method. The modeling o f the fourth  
d issipation  term is  based on the suggestion o f B ilger (1980)
9Y' 3Y'   a ,
2pD “ax^“ axk ~ const k yno yhcn ( 1  + r!^  (7 .1 2 )
where a3  is a constant and Rj the turbulence Reynolds number. In  
th is  study, the follow ing expression is  employed:
8YHCN 3YN0
2pD - a ^ f  =  cg2  t  yno yhcn <7 1 3 >
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The empirical constant C is  given as the same value used in fast
g2
chemistry turbulent combustion models (fo r  example, Khalil e t a l . , 
1975). The remaining task is  to model the last two terms on the 
r ig h t hand side of Eq. (7 .1 1 ) into a more tractab le  form, th a t is ,
YHCN ‘"NO + YN0 mHCN
= Y‘ ch ( u ^ - u ^ )  + Y||j0 («,0- Wl-u.2 )
pA,M . -E,/RTK 1  mix 1    —e (Y* Y' -  Y 1 Y 1 1~ Mhcn e ‘‘ 'HCN HCN NO HCN
pA2 Mmix - E2 /RTo ( \  Y 1 Y ' + Y Y' Y 1
mhcn mno hcn hcn n 0  n 0  hcn hcn
+ Y Y 1 Y 1 + Y Y‘ Y 1 1 (1 141HCN t N0 t N0 NO NO HCN; }
In the derivation of Eq. (7 .1 4 ), correlations of Y ^ Nw3  and Y^ qU)o 
have been neglected, since the species Y^g^ and Y^g are not d ire c t­
ly  involved with the reaction source terms w and u>,, respectively.0 <5 ^
2
In add ition , t r ip le  species fluctuations such as Y ^  Y^g are 
neglected. In Eq. (7 .1 4 ) ,  fu rth e r modeling is necessary fo r the
positive  d e fin ite  co rre la tion  terms Y ^ N Y ^  and Y^g Y^g. For 
YHCN YHCN’ a balance equation can be derived in a s im ila r way of 
Eq. (7 .1 1 ) as
p Uk 3xk (YHCN YHCN) ” 3xk (p Uk YHCN ^CN^
„ r-y i—  3YHCN „ _ 8YHCN 3YHCN
- 2p uk YHCN 7 ^ -  -  2p ° - 8 3 ^  - 3 ^ -
+ 2  YHCN WHCN (7 .15 )
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Except fo r the la s t  term on the r ig h t side, the modeling of other 
terms has already been indicated. For the la s t term,
2  YHCN “HCN = 2  YHCN K " u,r u,2 )
= 2  YHCN - 2  YHCN *1  -  2  YHCN V  <7‘ 16>
The la s t  two terms of Eq. (7 .1 6 ) can be expressed in terms of
calculable terms such as Y '-.. Y' , and Y ‘ . Y' but the f i r s t  termHCN HCN HCN NO
involve volumetric souce term of species Y ^ ^  due to co a l-o ff
process. In  order to arrange the f i r s t  term in  a trac tab le  form,
the follow ing simple re la tio n  is  proposed:
tu 1 Y1 Y'o _ 'HCN . „  „ HCN—  = -  a    + (1 -  a)   ----  (7 .17 )
u> YHCN yhcno
where a  denotes the frac tio n  of the c o a l-o ff gas which is  in non­
premixed s ta te . The value of a is  assumed to be 0 .7  in th is  study.
Thus, the f i r s t  term of Eq. (7 .1 6 ) can be w ritten  as
UJo
2  yhcn ( “ o ♦ = 2  v - * )  yhcn yhcn <7- 18>
hcn ______
S im ila r ly , the balance equation fo r Y ^  Y^q can be derived and 
modeled, except fo r  the co rre la tio n  term between species fluc tua­
tio n  o f Ynq and source term uig, th a t is ,  uigY^Q . "*"he contribution  
of th is  term is  neglected, since the reaction o f u>g is associated 
with slow chemistry ( H i l l ,  1983).
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7 .3  MODEL EVALUATION
Evaluation of the proposed moment closure method has been made 
against IFRF experimental data (Michel and Payne, 1980). Figures
(7 .2 )  -  (7 .5 )  show comparison of predicted and measured cen terline  
and rad ia l p ro file s  for NO and HCN species. The f i r s t  (F ig . 7 .2 )  
shows comparison of predicted and measured centerline  HCN p ro file s  
together w ith the prediction  of H i l l  (1983). The HCN leve ls  are 
also i l lu s tra te d  in  Fig. 7 .3 , which shows radial p ro file s  of HCN at 
axia l locations of 0 .75 , 1 .0 , and 2 .0  m. The general trends o f HCN 
p ro file s  are in  good agreement w ith experimental data, w hile the 
prediction  of H i l l  (1983) overestimate the value o f HCN along the 
cen terlin e .
In  F ig . 7 .4 , comparison is  also made between the prediction  
using the moment closure method and th a t using the mean chemical 
reaction obtained by neglecting turbu len t fluctuations altogether. 
The difference between these two calcu lations is  neg lig ib le  in  the 
range of high HCN and NO concentrations (X = 1.0 ~ 2 .0  m), but 
increases lin e a r ly  along the cen terlin e . The higher predictions of 
NO in the moment closure method can be explained by noting the
co rre la tio n  of in  Eq. (7 .9 )  is negative, due to the non-
premixedness of HCN and NO species. In other words, the negative 
co rre la tio n  decreases the reaction ra te  o f Ng formation, i . e . ,  
increases NO production. The close agreement between the two 
predictions in th is  study in the region of high NO and HCN concen­
tra tio n  can be a ttr ib u te d  to the substantial premixing due to  the 
high concentrations o f these species and slow chemistry associated
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with the reaction. This implies th a t the corre la tion  of Y* .,Y' in
HLN NU
Eq. (7 .9 )  w il l  be pos itive . The underestimation of predictions 
made by th is  study on the range of ax ia l distances between 1-2 m, 
is believed to be due to the e ffe c t of thermal NO formation. This 
production may be s ig n ific a n t in th is  high temperature range. The 
NO levels are fu rther i llu s tra te d  in Fig. 7 .5 , which shows radial 
p ro file s  of NO a t ax ia l locations of 0 .75 , 1 .5 , 1 .9  and 3 .5  m. The 
general trend is good agreement, but values are underestimated, 
because of the neglect of thermal NO contribution in th is  study.
7 .4  CONCLUDING REMARKS
A moment closure method is  developed to p red ic t nitrogen oxide 
formation in c o a l-fire d  processes and th is  model is  evaluated by 
comparison of predictions w ith experimental data. The model is 
based on the assumption that temperature and density fluctuations  
do not strongly influence NO formation and th a t thermal NO forma­
tio n  can be neglected. In general, the overall predicted trends of 
NO agree w ith experimental data but values are underestimated due 
to the neglect of thermal NO formation.
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CHAPTER 8
SUMMARY OF PRESENT WORK AND RECOMMENDATIONS 
FOR FUTURE WORK
Based on the work done in th is  d isserta tio n , a number of 
useful concluding remarks can be made regarding the modeling of 
indiv idual processes as well as on the overa ll comprehensive model­
ing o f the pulverized coal combustion process. Since the major 
conclusions have been given a t the end of appropriate chapters, 
only a b r ie f  summary of important results is  provided below in 
section 8 .1  and recommendations fo r fu ture work are presented in 
section 8 .2 .
8 .1  SUMMARY
The objective of th is  d issertation study is to evaluate and 
improve the modeling o f individual processes associated with 
s ing le - and two-phase turbulent reaction processes, and in particu ­
la r  the pulverized coal combustion process. Improved modeling of 
indiv idual processes can then be combined to obtain a re lia b le  
comprehensive computer code. Primary emphasis in  th is  work has 
been placed on the modeling of non-equilibrium turbulent reactions, 
turbulent p a r t ic le  dispersion, and po llu tan t species formation. In 
add ition , contributions have been made towards improving the numer­
ic a l algorithm used in the solution of the d iffe re n t ia l equations. 
Furthermore, a systematic study has been made of the two equation
187
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(k -e ) turbulence model using the wall function approach, fas t  
chemistry turbu len t reaction models such as eddy breakup model and 
the conserved sca lar model, models fo r coal p a rtic le  reactions and 
the four flu x  rad ia tio n  model. Specific  contributions made in th is  
study are summarized below.
Turbulent Reaction: Two turbu lent reaction models are developed
fo r  resolving nonequilibrium e ffe c ts . The f i r s t  model is a modi­
fie d  perturbation model fo r  the calcu lation  o f nonequilibrium  
quenching e f fe c t  in intensive turbulent combustion. This method is  
validated by comparison with experimental data fo r natural gas-a ir  
flame and appears to be suited fo r  s in g le - and two-phase flame 
s ta b i l i ty  studies.
In  add ition  to the above model fo r fa s t turbulent combustion, 
a moment closure method is developed fo r the simulation of moder­
a te ly  fa s t or slow reactions and th is  model is  applied to the 
modeling o f fuel bound nitrogen oxide formation. Further discus­
sion in  th is  is given la te r .
Turbulent P a rtic le  Dispersion: A systematic performance evaluation
o f ex is tin g  turbu lent p a r t ic le  dispersion models such as the empir­
ica l gradient models and the stochastic method has been made. An 
improvement is  made to the stochastic method by incorporating the 
e ffec ts  o f p a r t ic le  flu c tu a tio n  ve lo c itie s  a t the in le t  stream. 
With th is  m odification s ig n ific a n t improvement in p a rtic le  disper­
sion predictions are obtained compared to the predictions of the 
gradient models and the stochastic method without th is  modifica­
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tio n . Twenty stochastic ca lcu lations per p a rtic le  size group and 
s ta rtin g  location  are necessary fo r s ta t is t ic a l accuracy of th is  
method. Further a reasonable number o f representative p a r t ic le  
tra je c to r ie s  defined by the number of p a rt ic le  size groups and 
in i t ia l  s ta rtin g  locations a t the in le t  stream are necessary to  
maintain accuracy.
Comprehensive Computer Code: The comprehensive computer code
implemented using an eddy breakup model and the improved stochastic  
method shows good agreement w ith a series of experimental data in  
an I  FRF furnace. Some defic iencies noted are in  the prediction of 
minor species lik e  carbon monoxide and flame l i f t - o f f  phenomena.
Nitrogen Oxide Formation: Fuel bound nitrogen oxide is  modeled
using the basic idea of the moment closure method mentioned 
e a r lie r .  The ju s t if ic a t io n  of th is  method, which assumes th a t the 
e ffe c t o f turbulence is  transm itted only through species flu c tu a ­
tion  is supported by the experimental evidence that the formation 
of nitrogen oxide is  in sen s itive  to the variations or fluc tuations  
of flame temperature. The formation of nitrogen oxide is  associ­
ated w ith the decay of hydrogen cyanide by two competing reaction  
schemes, and is  followed by the destruction of nitrogen oxide due 
to  reaction w ith char p a r t ic le . This model is  tested against 
experimental data and shows reasonable agreement.
Numerical Solution Methods: Since the performance of computational
algorithm  is  strongly dependent on the proper resolution of pres­
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
190
sure-ve locity  coupling, a systematic performance evaluation of 
existing  algorithms such as SIMPLER, SIMPLEC and PISO fo r various 
flow situations has been made. Based on th is  study, a new algor­
ithm th a t uses a novel source term decomposition method is  devel­
oped fo r high sw irling  flow s ituations . A s ig n ific a n t improvement 
in convergence ch aracteris tics  is  noted compared to th a t of other 
conventional algorithms.
8.2  RECOMMENDATIONS FOR FUTURE WORK
Due to the d iv e rs ity  and complexity of subject m aterial asso­
ciated with pulverized coal combustion processes, fu rth e r research 
is necessary to improve the phenomenological modeling of the 
various in te res ting  processes.
In  add ition , two major tasks are necessary. These are to 
extend the comprehensive code to 3-dimensional geometry and to  
adapt the computer code to handle more complicated geometries lik e  
a quarl. These are tasks of primary importance since experimental 
data is  generally ava ilab le  fo r such geometries. Other recommenda­
tions on phenomenological modeling are:
Turbulent Reaction: The phenomenological eddy breakup model em­
ployed fo r c o a l-o ff gas reactions does not provide a sound basis 
fo r the calcu lation  of the p a r t ia l ly  premixed combustion o f coal- 
o ff gas. In add ition , the u n iversa lity  of the eddy breakup con­
stants have not been validated fo r a wide range experimental data. 
Therefore, model improvement together w ith the va lidation  tests  are
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desirab le. As mentioned e a r l ie r ,  the modeling of flame l i f t - o f f  
and blow-out is  of major importance in the study of flame s ta b ili ty  
and the application of the modified perturbation model appears 
promising in th is  regard and should be pursued.
Turbulent P a rtic le  Dispersion: A number of important physical
concepts have been overlooked in the modeling of turbulent p a rtic le  
dispersion. For example, coherent structures, Basset force effects  
and impulsive or explosion-like p a rt ic le  motion due to eruption of 
c o a l-o ff gas. These e ffects  on the p a rtic le  tra je c to ry  calculation  
should be considered together with the influence of pore structure  
on the p a rt ic le  dynamic behavior. The v a lid ity  of p a rtic le  disper­
sion models fo r sw irling flows remains to be explored.
Po llu tan t Species Formation: The model of po llu tan t species forma­
tio n  is  lim ited  to the case of fuel bound nitrogen oxide. There­
fo re , extensions to include thermal and prompt nitrogen oxide 
formation and also other po llu tan t species lik e  S0x is desirable.
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